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ABSTRACT

The application of microwave interaction with gaseous plasmas to the study

of electrically driven shock waves in inert gases and gaseous plasmas is dis-

cussed. The microwave techniques used in this work include: (1) phase shift and

resonant probe methods of measuring electron densities in the shock wave, (2)

Doppler frequency shift of a microwave signal reflected by the shock wave plasma

which enables one to measure the velocity of propagation of shock waves, and (3)

radiometer measurements of the noise power radiated by the shock wave plasma in

the microwave frequency range. The microwave measurements were supplemented by

observations of the visible light emitted from the shocked gas and by voltage in-

duced signals on small metallic probes placed in the path of the propagating shock

waves. The investigated shock waves were in the Mach 4 to Mach 14 velocity range

and were produced in neon and argon gases at pressures from 0.1 to 5 mm Hg. The

shock waves were initiated by passing an intense electric discharge current through

a portion of the gas filling the shock tube. It is demonstrated that the back-

ground gas through which the shock waves subsequently passed was ionized to a non-

negligible degree at the instant of the electrical discharge. It is shown that

this preionization of the background gas is consistent with photoionization by pho-

tons of adequate energ, "rom the discharge chamber of the shock tube. In particular

it is shown that under the conditions of this experiment, the photoionization is

consistent with ionization by X-rays from the electron bombarded anode in the dis-

charge chamber. The effect of the free electron constituent of the. ionized back-

ground gas on the properties of shock waves as well as its direct effect on ex-

perimental observation techniques is discussed. In addition, the properties of

the hot and highly ionized driver gas which expands from the discharge chamber

and closely follows the shock wave down the expansion chamber is discussed.

Particular emphasis is placed on the effect of the driver gas with regards to the

establishment of an equilibrium state in the shocked gas.
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K 1. INTRODUCTION

It is well known that a shock wave can be formed in a gas when a limited

volume of it is selectively heated by an adequately intense electric discharge

current passing through it. 1 ; 2 The heated volume of gas is raised to a highly

ionized high temperature state and subsequently expands into the unheated region.

Thus the expanding gas in its highly ionized, high temperature! state and also

the shock wave and the phenomena associated with its propagation in. the unheated

region of gas can be investigated with respect to both the properties of the

shock wave and the properties of the high temperature gas. It is generally

appreciated that the structure of a shock wave originating in such electrical

gas discharges may be in many ways different from that of a shock wave originat-

ing from other -sources such As, for instance, those which areo prdducdd and dkiven

by high pressure but low temperature nonionized gases.

In electric shock tubes the hot driver gas expands from the discharge cham-

ber at nearly the velocity of the shock wave and its leading edge closely follows

the shock front. In many cases the separation distance between the shock front

and the driver gas is insufficient to allow the shocked gas to reach an equili-

brium state before it passes through the driver gas interface. In this case it

is obvious that the usual shock wave relations3 will not apply. In addition,

high energy radiation from the hot driver gas in an electric shock tube plays an

important role in shock wave processes and greatly affects the structure of the

shock wave. In an indirect manner the driver gas in electric shock tubes affects

the structure of the shock wave by acting as either a heat sink or a heat source,

whichever applies, for the entire volume of shock heated gas. This thermal con-

tact between the driver gas and the shocked gas is much better in electric than

in pressure driven shock tubes because the two volumes of gas are much closer to-

gether in the former and also (as will presently be discussed) due to the ever

present preionized background gas in electric shock tubes.
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It has previously been reported by several different investigators that in

electric shock tubes with the usual types of electrode configurations1;4 an in-

tense disturbance propagates through the background gas, during the electric dis-

charge, at a velocity equal to or nearly equal to the velocity of light in

526vacuoo These high velocity disturbances are characterized by emission of light

from the volume and by fairly high electron densities. It is generally believed

that these disturbances in the background gas are a result of electron diffusion

and/or ultra-violet radiation from the discharge chamber during the intense elec-

tric discharge. In some cases the walls of the shock tube expansion chamber are

believed to play an important role in the total effect of the disturbance. It is

shown below that in addition to, or in place of, the above mentioned mechanisms,

the background gas in electric shock tubes with cylindrical type electrodes is

most probably preionized at the time of the electric discharge by soft X-rays from

the electron bombarded positive electrode. The degree of ionization in the vol-

ume prior to the passage of the shock wave'is often sufficient to appreciably

affect the structure of the shock wave. Of course, this depends on the discharge

voltage, the material of the positive electrode, the type of background gas, and

the distance from the discharge chamber.

In addition to the direct effect of the ionized constituents of the back-

ground gas on the shock wave structure,, (including ionization rates, density

profiles, luminosity profiles, etc.) many indirect effects are also apparent. As

a result of this preionization the free electron constituent of the driver gas is

in good thermal contact with the free electron constituent of the background gas

via the free electron constituent of the shocked gas in the shock wave. The

velocity of heat flow via the electron constituent of an ionized gas is known to

78
be faster than or on the order of the velocity of normally produced shock wavek.

Hence, as a result of the preionization. the energy loss processes in a shock

wave may be much greater than expected. In addition, in some cases the ionized
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driver gas may be sufficiently hot so that thermal energy may flow from the driver

gas toward the shock front. Consequently this would greatly affect the equili-

brium attaining processes occurring in the shocked gas. The ionized constituent

"of the background gas with its good thermal conduction properties may also ac-
S~6,9

count for precursor effects directly in front of the shock wave.

It is immediately obvious that the interpretations of some experimental

shock wave results obtained in electric shock tubes may be greatly in error if

one does not consider the effect of the ionized constituent of the background gas

on the sensing mechanisms. This is especially true in microwave investigations

of shock waves in which case the phase velocity of an electromagnetic wave inci-

dent on the shock wave is dependent on the electron density in the background

10
gas. It is equally important to consider this constituent of the background

gas when using other commonly used shock wave investigation techniques such as

metallic probes in the path of the shock wave and optical methods of observation.

We discuss below the preionization of the background gas by the shock wave

producing electric discharge, the influence of the preionization on shock wave

propagation in such media, the properties of the hot and highly ionized driver

gas as related to shock wave propagation, and the effect of the ionized consti-

tuent of the background gas on some commonly used shock wave investigation tech-

niques. The discussion is limited to phenomena occurring in electrically driven

shock tubes filled with monatomic gases. This case is relatively simple with

respect to an investigation of shock phenomena in diatomic gases since dis-

sociation and excitation of molecular rotational and vibrational degrees of free-

dom do not occur. Most of the experiments reported here were conducted in neon

or argon gas in the pressure range from a few tenths of a millimeter of mercury

to five millimeters of i'ercury. It is assumed that the results reported can be

applied to any other monatomic gas although the rate of ionization by action of

11,12 8shock wave, the rate of heat flow in the partially ionized gas,8 and the
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degree of preionization will be highly dependent for any given pressure on the

monatomic gas used.

The shock waves which were investigated here ranged in velocity from Mach 4

to Mach 14. This range of shock velocities includes shock waves sufficiently

intense to partially ionize an originally non-ionized background gas as well as

shock waves which are too weak to produce any appreciable ionization.13,14 The

shock waves were simultaneously investigated by observing the visible light

emitted from the shock heated gas, by observing the electric potential induced

on small metallic probes extended into the path of the shock wave, by inter-

action of low power microwaves with the shock wave formed plasma cloud, and by

measuring the noise power in the microwave frequency range radiated by the

shocked plasma and associated driver plasma.
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2. HISTORICAL SURVEY AND INTRODUCTORY MATERIAL

t The nonlinear phenomenon of a shock wave in matter has been of interest to

scientists for more than a century. Such notable scientists as Stokes, Earnshaw,

Riemann, RankineY Hugoniot, Lord Rayleigh and others wrote fundamental papers in-

augurating this field of scientific endeavor. Among them they showed that sound

waves in gases do not always propagate with a unique velocity relative to the gas

but in some cases a discontinuity in velocity can occur and in this case the

propagation is governed by nonlinear differential equations, and as a consequence

the familiar laws of superposition, reflection, and refraction Lease to be valid.

The relationships which satisfy such nonlinear propagation can be obtained by

forcing the three conservation laws of physics - mass, momentum and energy - to

be satisfied across the propagating disturbance. If the additional condition is

imposed that the disturbance must be an adiabatic reversible transition, then its

propagation is governed by linear differential equations and its velocity of

propagation is unique relative to the medium in which it is propagating. However,

if it is assumed that the transition is irreversible and non-adiabatic then the

3
velocity is not unique and is governed by nonlinear differential equations.

Irreversible processes are always present in physical situations and can be

neglected only if the gradients of velocity and temperature are small, a condition

which obviously is not realized in a shock wave.

A theory which includes the effects of the irreversible process in a shock

wave would be mathematically complicated if it were not for the fact that actual

phenomena show that irreversible processes occur in gases only in narrow zones

where the gradients of velocity and temperature are very large while outside of

these transition zones the processes obey the laws established for adiabatic

reversible processes. Because of this it is accepted that a mathematically

idealized model of a shock wave in a gas which reasonably approximated actual

shock phenomena is an adiabatic and reversible flow except for a sudden jump
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discontinuity with infinite gradients in some of the quantities. The three con-

servation laws of physics must be satisfied across this discontinuity and it can

be shown that in the absence of viscosity and heat conduction this implies con-

servation of entropy in the continuous flow and a change of entropy across the

discontinuity. The equations obtained in this manner are commonly referred to

as the Rankine-Hugoniot equation and these equations predict reasonably well the

change in state across a shock wave.

Following the initial work of the early investigators mentioned above, the

development of shock wave theory and technology was left in the hands of a few

men in applied research who were mainly interested in using shock waves as a

tool for the investigation of relaxation phenomena in highly disturbed gases.

Knowledge of shock wave phenomena advanced at a rather slow pace during this time

aýnd it was not until the advent of supersonic aircraft that a great deal of at-

tention was directed toward shock waves and particularly toward shock waves in

gases. The interest in shock waves experienced another rapid increase in the

middle 1950's when it was proposed to use irreversible shock heating of a gas

in order to produce a'high temperature plasma with the implication that it might

be possible to heat a gas in this manner to the extremely high temperature re-

quired for controlled fusion.

Prior to the early 1950's the only laboratory method available for the pro-

duction of shock waves in gases was the pressure driven, diaphragm type shock

tube. These tubes are constructed by separating an air tight chamber into two sec-

tions separated by a nonporous diaphragm. One of the sections is filled with a

test gas at the desired pressure and .the other is filled with a driver gas at a

much higher pressure. If the diaphragm separating the two gases is ruptured, then

the high pressure gas expands into the low pressure test gas0 The velocity of the

expanding column of gas is determined by the nature of the two gases and the

pressure difference across the diaphragm. Under certain conditions the velocity
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of expansion is supersonic with respect to the velocity of sound in the test gas

and in this case a shock wave is formed in front of the expanding column of

driver gas. With the most sophisticated shock tube techniques, such a combus-

tion heating of the high pressure driver gas just prior to diaphragm rupture and

installation of buffer gas sections, it is possible to obtain shock velocities

up to about Mach 20 in this type tube.

The electrically driven shock tube which is capable of producing shock wave

velocities in excess of Mach 100 was born quite by accident in 1951 by Fowler

1
et al1. The original purpose of their work was to investigate the glow in an

electrodeless discharge tube similar to that observed by Lord Rayleigh in 1943.8

With a discharge tube similar to that used by. Lord Rayleigh they observed that

the plasma which shot out of the discharge section of the tube possessed a defi-

nite front and advanced at a definite velocity. The velocity of advance was

measured and was found to be approximately equal to the velocity of sound in the

hot expanding gas, hence supersonic with respect to the cold background gas.

Velocities appreciably higher than those possible in the electrodeless tube were

made possible by installing metal rod electrodes in two arms of a T-tube.

When an electric discharge occurred between the two electrodes the heated gas

expanded through the side arm of the T-tube much the same as in the electrode-

less tube. With this type tube Fowler observed that the expanding front deceler-

ated as it moved along the side arm, was reflected when it struck the far end of

the tube, and it left in its wake a highly excited gas. From these observations

they concluded that the phenomenon was not afterglow, as postulated by Lord

Rayleigh, but instead the hot ionized expanding gas acted as a shock wave driver

much as in a diaphragm shock tube.

Electric shock tube technology advanced quite rapidly after the initial

work of Fowler et al.and by 1955 gas temperatures in excess of 30,000°K could be

obtained by shock heating. In the spring of 1955, in conjunction with the
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Sherwood program, a group from the Naval Research Laboratories, proposed the use

of electric shock tubes for the production of high temperature plasmas as is re-

16
quired for controlled fusion. In spite of the fact that until this time the

highest gas temperature available in the laboratory was produced by shock heat-

ing, the highest temperature attainable was considerably lower than that required

for fusion, where millions of degrees is needed. However, at NRL and other labo-

ratories, shock tube technology advanced rapidly and shortly after initiation

of the program at NRL a modification proposed by Kolb made it possible to shock

heat gases to temperature up to 500,000 K. Kolb's modification was incorporated

into a standard T- tube and consisted merely of bringing one of the electrical

leads to the discharge electrodes close to the wall of the discharge tubes. 1617

Hence, a sudden electric discharge between the two electrodes results in a rapid

heating of the gas and subsequent expansion of the heated gas into the side arm

(expansion chamber). The magnetic field produced by the current in the electrode

lead further accelerates this plasma and increases the shock velocity.

An electric shock tube which in principle is quite different than the T-

t u b e was developed-by Josephson4 about this same time. It is also capable

of producing shock velocities in excess of Mach 100. This tube is coaxial in

design with a hollow ring electrode and a rod electrode so positioned to form a

cone between the point of the rod and the inside of the ring electrode. A sudden

electric discharge between the two electrodes heats the gas filling the chamber

and this heated gas expands through the hollow electrode and down the expansion

chamber. This type of shock wave driver is just as efficient, if not more ef-

ficient, than the T-type tube with magnetic back strap. The optimum cone angle

formed by the two electrodes has been extensively investigated by Josephson,

and Hart18 and others and was found to be dependent on the type of gas and the

gas pressure.
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One of the main difficulties with both the T-type and the coaxial type dis-

charge tubes is contamination of the gas by erosion of the electrodes caused by

the high current electric discharge. These impurities added to the gas by the

discharge do not affect the shock wave as such because the shock is formed in

front of the driver gas, but they do alter the properties of the driver gas

which in turn affects the properties of the shock wave. Contamination of the

gas can be eliminated in electrically driven shock tubes by inductively coupling

4
the energy into the gas. This can be accomplished in a variety of ways, as for

example, by placing a one turn coil around a portion of the shock tube. A sudden

increase in current through the coil indictively heats the contained gas which

then expands down the expansion chamber and if sufficiently intense forms a shock

wave. Discharges of this type are commonly referred to as a theta pinch dis-

charge and can raise the temperature of the gas in the pinch to more than a

16
million degrees. The main disadvantage in using this type of discharge for the

production of shock waves is its. relative inefficiency.

Shock wave investigation techniques advanced during the last few years at

a rate equally rapid as the advancement of shock wave production technology.

Prior to 1950 most of the techniques available for the investigation of shock

wave phenomena in gases were very unrefined. However, during the early and mid-

dle 1950's shock wave heating of gases to extremely high temperatures received

an increased amount of interest and it became necessary to develop new and more

refined techniques in order to investigate the properties of both the shock wave

and the hot driver gas in much greater detail than was formerly possible. For

the most part, the development of techniques for the investigation of a shock

wave plasma is considerably more difficult than merely the extension of existing

plasma investigation techniques to shock wave plasmas. The difficulty arises be-

cause the interested volume of gas in a shock wave moves at a very high velocity

which requires all measurements of its plasma parameters to be completed in a
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very short time (microseconds). In spite of obvious difficulties, many advances

have been made in the field of shock wave investigation techniques during the

last few years and the pace of development is rapidly increasing.

A complete review of all the techniques which have been or are being used

to investigate shock wave phenomena in gases. would be too extensive to conduct

here. However, since a rather large portion of the work described below is de-

voted to the development of techniques for the~investigation of shock wave

phenomena it seems appropriate to mention some of the most widely used techniques.

In general these techniques can be divided into two classes; those which detect

radiation from the shock heated gas and those which depend on the interaction of

externally produced radiation with the shock wave and/or its associated plasma.

In the former class such devices as streak cameras, '119 high speed framing cam-
201,15192

ers, 2 photomultipliers,'13 and spectrographs5319.21 are commonly used to

determine such shock wave phenomena as velocity of propagation; temperature, de-

gree and rate of ionization, relaxation rates for the various degrees of freedom,

gas pressure, density profiles and etc. In the latter class one finds interfero-
22.69, 32 2,62 28,29,30,31

meters,22 static probes, 69,23,24 electron beams,25926127 microwaves,

13 32 33,34 35,36
magnetic probes, X-rays, piezoelectric detectors, vacuum ultra-

37
violet, and etc., very prominant for the measurement of such shock wave para-

meters as electron and atom density profiles, temperature, gas pressure, velocity

of shock wave propagation, curvature and structure of the shock front, etc.



3. SHOCK RELATIONS AND PHENOMENA

The Rankine-Hugoniot "jump",relations across a shock wave in a gas are found

by considering the propagation of a disturbed non-equilibrium volume of gas

through a background gas filling a constant area duct. The equilibrium states on

either side of the disturbed region of gas are related to each other via the three

-conservation laws of physics. If viscosity, radiation and heat conduction effects

are neglected, the two equilibrium states are uniquely related independent of the

individual processes which occur in the trahsition region. 3Theirelationships :be-

tween the two equilibrium states on opposite sides of the disturbed volume are,

however, dependent on the equation of state in the disturbed gas and the velocity

at which the disturbance propagates through the background gas.

Consider a disturbance propagating through a gas with a constant velocity

V . The gas variables of state prior to the passage of the disturbance are de-s

noted by subscript 1. The disturbance leaves in its wake a gas which, after

equilibrium is once again attained, has a flow velocity U2 in the direction of

propagation of the disturbance and this volume of gas is described by state vari-

ables with subscript 2. In this case, the three conservation equations of physics

in a coordinate system stationary on the propagating disturbance are given by

Equations (la, b, and c) respectively for mass, momentum and energy.

pIVs = P2 (V - U2 ) (la)

2 2Pls -P 2 (V - 2  = P2  Pl (lb)

S 3 V ps - U 2 p
elplgs + 0Vs + Pl~ % e2 (Vs U2 + 2 - 2 +p(gsV U2 (1c)
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In these equations, e is the specific internal ehergy (i.e.,energy/unit mass),

p is' the mass density, and p is the gas p'ressure. Equation (lc) can be placed

in a slightly simplified form by using'Equation (la) and the expression for

specific enthalpy h'= e + p/p. In this manner Equation (1c) can be replaced by

Equation (1d)

1 2 1 2
-ýV + h :b-(V -U) +h (d2s 1 2s 2 2 ld)

Equations (1) are the general relationships which must be satisfied across

a normal shock wave. In order to determine the-state variables jump relations

across a shock wave it is usually necessary to solve these equations numerically.

However, if the gas is considered to be thermally perfect, then explicite solu-

tions for the jump relations can be obtained in terms of the Mach number

(M = Vs/VJRTI). In this case Equations(2) are applicable as long as the gas

is non-ionized and each gas atom is in its ground state.

p = pRT = nkT (2a)

'= C p/C = constant (2b)

2
a = YRT = Y, p/p (2c)

C - c = R (2d)p v .

h = CpT - -RT (2e)
p Y-i

In these equations, a is the velocity of sound in the gas, k is Boltzmann's con-

stant., T is the temperature of the gas in degrees Kelvin, n is the number of
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atoms per unit volume, and C and C are the specific heat at constant pressurep v

and constant volume respectively.

Equations (1) can now be solved algebraically with the help of Equations (2)

in order to obtain the jump relations for pressure, density and temperature

across a shock wave in a thermally perfect gas. These solutions are obtained in

terms of the Mach number and the ratio of the specific heats. 'In this case the

jump relations and the flow velocity of the shocked gas are given by Equations

(3).

2NM - (N - 1)

2+ (3a)

(Y + 1) M2  (3b)

P02/Pl Cy( - 1) M2 + 2

T/T [M2 (,y- 1) + 21[2yM2 - (y- (3c)
2!1 M2(Cy + 1)2

2(M - 1) (3d)
U2/ M2 (N + 1)

The ratio of the specific heats Y is obtained from the perfect gas re-

lations and from statistical mechanics which leads to a simple expression for

Cp in terms of the number'of degrees of freedom nf of the appropriate molecular

model.

- nf +2 Rp 2

In the case of a smooth sphere or a point mass, nf is equal to 3 and C = 5/2 R.

P

Since this model reasonably approximates a non-ionized monatomic gas, the jump
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relations across a non-ionizing shock wave in a perfect non-iontzed monatomic

gas are given by Equations (3) with Y = 5/3. In this case,'if ,excitatien of'the

background gas by action of the .shock wive is also. neglected, '.then Equation. (3)

reduces to the following::

5M 2 - (a)

2/1 4

2

2 4M2 (5b)
2/PI m 2 +3

T/T (M2 + 3)(5M -1 ) (5c)
2/1 216M2

2 - 4M

If the gas atoms either prior to or after the passage of the shock wave are

excited or if the gas is partially ionized, then the jump relations 3 do not ap-

ply because Equations (2) must be modified in order to account for this phenome-

non. In this case (accounting for single and double ionization only) the gas

pressure is equal to the sum of the partial pressures,

0 + 0 + n++)

p=kT(n° + 2n + 3n ++) =kT(n° + n +n )(l + a +) (6)

0 + ++

where n , n , n are the densities of the neutral, singly, and doubly ionized

particles respectively. The specific enthalpy h = e + p/p must include the

ionization and excitation energies, in addition to the usual translational energy.

In this case the specific internal energy term e is given by
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e = [(1 + a + 26) kT + (1- -6) E + (X ) + x+ 5X] (7)
W2 o +

and P/p is given by

p/p = (1 + a + 268) kT (8)

Hence the specific enthalpy of a partially ionized gas is given by

h= [ (i + Q + 26) kT + (1 - a - 6)E + ( (X° + +) X+ ] (9)
V, 2 o +

where: Ais the mass of an atom, = n+ /(n + n + n ) is the degree of single

ionization, 6 = n++/(n° + n+ + n++ is the degree of double ionization, X0 and

X+ are the ionization energies of the neutral and single ionized atoms respec-

tively and E and E are the excitation energies of the neutral atom and the

0 +

single ionized atoms respectively.

The excitation energies Z and E are given by the thermal averages with a0 +

suitable cutoff 38

Z X0 g0 exp(-X0 /kT)
- n n n nE (10a)0 Z g 0 exp (- X /kT)

n n n

Z + g+ exp(-X +/kT)
n _n n X n 

(10b+ 2; g +expC- X +/kT)
n n n

0 +where X and X are the excitation energies of the nth state in the neutral and
n n

singly ionized atoms respectively and the gn'S are the statistical weights.



16

In order to solve for the jump relations across a shock wave when ionization

is considered we need, in addition to the above equations, an expression relating

the degree of single and double ionization to the gas temperature. This is, of

course, given by Saha's equations

n+)++ ne +2Z+,++ (2"mekT) 3/2

ne 2Z0 exp (1
n Z0+ h 2/ e

0Z+ Z++

where Z0 Z and Z are the partition functions for the respective states o. +

and ++ are given by

Z°+)++ g gn+++ exp(-Xn0+++ /kT) (12)
n n n

It is now possible to solve Equations (1), with the aid of Equations (6)

through (12), in order to determine the jump relations across either a shock wave

in a partially ionized gas or an ionizing shock wave. However, in general only

numerical solutions can be obtained and explicite solutions are possible only if

certain simplifying assumptions are made. These equations have been solved nu-

merically by various authors for the case of ionizing shock waves in initially

cold, non-ionized, rare gases.5; 13Y 14, 39, 40 Some of these solutions are re-

produced in Figures 1 and 2 for future reference.

The jump relations across a shock wave in a gas as given above indicate the

difference in magnitude of the state variables in the two equilibrium volumes of

gas on opposite sides of the shock wave. They do not indicate the rate of change

or the profiles of these state variables in the shock wave. In order to calculate

such profiles, as for example the electron density profile in the shock wave, it

is necessary to consider the individual processes occurring in the shocked gas,
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such as, collisional ionization processes and relaxation among the various de-

grees of freedom. Such computations are extremely complicated and can be pursued

only after making certain drastic simplifying assumptions after which the validity

of the computations are questionable. Even the basic method of attack is com-

pletely different than that used to find the jump relations across a shock wave.

In that problem equilibrium prevailed which of course is not true in the shock

wave. In spite of the inherent difficulties some work has been done in this area

of endeavor and a limited amount of useful information has resulted. The most

notable work along these lines is that by Petschek et al. (1957) who computed

the rate of ionization in shocked argon gas. A discussion of other work in this

field of investigation for shock waves in both monatomic and polyatomic gases can

be found in a review article by Losev et al.41 (1961) concerning nonequilibrium

phenomena in shock waves. The procedure used in these calculations is briefly
A

discussed below. This same procedure will then be used to construct an approxi-

mate model for a shock wave in a slightly ionized background gas.

Consider the propagation of a shock wave in a non-ionized, room termperature,

inert gas. The state of the shocked gas, after equilibrium is attained, is

governed by the set of Equations (1) with appropriate expressions for pressure

and enthalpy (Equations (6-12)). The set of conservation Equations (1) is equally

valid across any two planes in the shock wave where equilibrium does not prevail

but in this case Equations (10) through (12) do not apply. Hence, the set of

Equations (1) can be used to determine the state variables profile in the shock

wave if expressions for pressure and enthalpy are known or if reasonably approxi-

mate expressions for these variables can be obtained. This is difficult in the

general case but approximate expressions for these variables can be obtained in

the special case of low degree of ionization (i.e., a << 1, 6 = 0). In this case,

the approximate value of the pressure at any distance z behind the shock front,

neglecting the charge particle partial pressures, is related to the gas particle
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number density and the, temperature by p(z) n(z)kT0 (z). Likewise, the specific

enthalpy,,neglecting low level excitation energies which in general is-much less
0o]

than translational energy, is approximately h(z) =[ kT°(z) + a Xo.

In order to proceed further in the determination of state variable profiles

it is convyenient to follow a gas particle as it moves through the shock wave. At

the shock front the translational degrees of freedom of the gas particles are

suddenly altered. Translational equilibrium is attained among the shocked parti-

clesin a time on the order of a few mean times between collisions.. The region

in tbe shock wave where translational equilibrium is attained is known as the

shock front. Behind the shock front Lhe gas is in a non-equilibrium state. On

,the other hand, immediately behind the shock front a Maxwellian velocity distri-

bution has already been attained in the shocked gas and a local gas temperature

T (z) can be introduced. All other relaxation processes in the shocked gas are

much slower than that for translational equilibrium. Hence, immediately behind

the shock front the entire shock energy is stored in translational energy of the

shocked gas particles. As the heated particles proceed back from the shock front

this energy is transferred-into excitation and ionization energies. However, in

the region immediately behind the shock front this transfer of shock energy has

not proceeded appreciably and Equations (1) and (2) still apply. Hence, the

jump relations 5 are approximately applicable across the shock front of ionizing

shockwaves as they are across the total shock wave if the shock wave is non-

ionizing. This leads to an interesting observation which becomes apparent when

Equations (1) are re-written in the following. form

P 2 = P1 + P1 (1 - p 1 /P 2 ) Vs 2 (13a)

h = h1 + 1/2[l - (Pl/P2) 2IVs (13b)
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If P2 and h 2 refer to the gas immediately behind the shock front, then P2/P =

4M2/(M2 + 3) and this is valid regardless of whether or not the shock wave ionizes

the gas. On the other hand, numerical solutions of Equations (1) and (6) through(

(12) show that the density ratio across ionizing shock waves never exceeds 8 even

in the limit of infinite Mach numbers. Hence, it is obvious that in the special

case of low degrees of shock ionization the density ratio cannot deviate appreci-

ably from the value given by P2 /P = 4M2/(M2 + 3). In addition, since the shock

velocity must be greater than Mach 8 for ionization to occur, then in the case of

interest P2/Pl z 4. Therefore, for low degrees of shock ionization the density

and the enthalpy are nearly constant throughout the shock wave and are approximate-

i_15 2

ly given by P2 = 4P and h = h + 1 V respectively. Likewise, if excitation2 1 2 l 3 2 s

energies are neglected, then by considering the expressions for pressure and en-
o o[5 o X°

thalpy in slightly ionized gases (i.e.,p = n kT and h 1 [ [ kT° + C x ]), it is

obvious that in this case the temperature of the neutrals T° and the neutral parti-

cle number density n are nearly independent of the distance behind the shock

front.

Under the conditions and approximations imposed above the electron density

profile in a shock wave can be approximately determined if the ionization rate of

the gas at the appropriate temperature and density is known. Of course, the tem-

perature and density of interest is the value given by usual shock relation 5. ;Cal-

culations of this type have been made by Bond12 and by Petschek et al. Their

results have been shown to reasonably approximate the conditions in a shock wave,

hence indicating the validity of the above approximation.

The procedure used by Bond or that used by Petschek to determine the rate of

ionization in shocked gases is too lengthy to discuss in detail in this paper. In

essence, they showed that the ionization is predominately a two step process in

which the shock energy is transferred from translational energy of the atoms to the

free electrons in elastic collisons and after many energy gaining collisions the
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kinetic energy of the electrons goes into ionization of the atoms as a result of

inelastic electron-atom collisions. The fraction of the kinetic energy of an

atom transferred to an electron in an elastic collision is equal to the ratio of

the two masses. Hence, the number of energy gaining atom-electron elastic colL-

lisions required to raise the energy of an electron to the value necessary to

ionize an atom or even to excite an atom in a collision is very large. In the

case of argon gas with a thermal energy equal to about 1/10 the ionization energy

(T z 18,0000K), this requires approximately 106 energy gaining elastic colli-

sions for each inelastic collision. It is obvious that in this case the rate of

ionization is a rather slow process. The time required to reach equilibrium ion-

ization has been determined both theoretically and experimentally. In the case

of medium intensity shock waves (M = 12) in argon gas at a few mm Hg pressure,

the time required for attainment of equilibrium is on the order of a few micro-

seconds.

It is obvious that the shocked gas in its excited state will radiate energy

in the visible and near ultraviolet spectrum. This radiation was neglected in

the formation of our shock model and was considered to have a negligible effect

on the properties of the shock wave. Although this assumption is probably valid

under most conditions, a short discussion of this radiation is conducted below

so that it can be used as a guide in the interpretation of experimental results

presented in later sections of this paper. Only the visible radiated light is

considered since this is the only part of the total spectrum which is transmitted

through the glass walls of the expansion chamber to the photomultiplier detection

cells.

The visible light radiated from the shocked gas is a combination of exci-

tation and recombination light. The intensity of the recombination light in an

ionized gas is directly proportional to the direct and indirect radiative re-

combination rate in the volume which in turn is directly proportional to the
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"square of the electron density (assuming n = n.) and is also slightly dependente 1

on the temperature of the electron gas. On the other hand, the excitation light

is directly proportional to the number of excited atoms, hence is directly pro-

portional to the electron density and is likewise dependent on the temperature of

the electron gas. As was discussed above the temperature of the electron gas in

a shock wave is governed by the termperature of the heavy constituents in the

shocked gas. In addition, it was found that in the case of slight ionization

(aC • 1) the temperature of the heavy constituents To is nearly constant through-

0
.-. out the shock-wave CT = T. since particles of equal mass are in good thermal con-

0
tact). Since the temperature of the electrons is governed by T although not

equal to it, this implies that the temperature of the electron gas Te is also
0

nearly constant throughout the shock wave. Hence, to first order approximation

the electron temperature is a constant throughout the shock wave and the tempera-

ture dependence of the excitation and recombination light in shocked inert gases

can be neglected. Hence, the total radiation in the visible spectrum from the

shocked gases is seen to monotonically increase with increasing electron density.

Therefore, for shock waves in initially cold. non-ionized inert gas the visible

light intensity increases from zero intensity at the shock front and attains maxi-

mum intensity at the plane in the shock wave where equilibrium is established.

The point of maximum light intensity in a shock wave has special significance in

many shock wave experiments and is commonly referred to as the shock light front.

The problem of shock wave propagation in slightly ionized gases is important

in many shock wave experiments and is especially important in electric shock tubes.

This phenomenon is important in electric shock tubes because the background gas in

the expansion chamber is preionized at the time of the shock producing electric

discharge by photons of adequate energy from the discharge chamber. This process

of photoionization is discussed in considerable detail in a later section. The

purpose of the following discussion is to determine the effect of the preioniza-
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tion on the properties of the shock wave and to obtain approximate jump relations

across the shock wave with respect to both the neutral and the ionized consti-

tuents of the background gas.

It is apparent that the jump relations across a shock wave in a slightly

ionized inert gas can be obtained by solving numerically the set of Equations (1)

with appropriate expressions for pressure and enthalpy (Equations (6)-(12)>. How-

ever, as is usually the case in numerical solutions, the physics of the phenome-

non is lost in the computer. In addition, the numerical solution would only

predict the state of the shocked gas after equilibrium is attained and would not

indicate the jump relations with respect to the respective constituents of the

background gas. Jump relations for each constituent can, however, be obtained

directly across the shock front if certain simplyfying assumptions are made.

Consider a shock wave propagating through a slightly ionized inert gas.

Let the degree of ionization of the gas prior to the passage of the shock wave

be given by a, = n+ /(nl° + nl+). Assume that the ionized gas prior to the

passage of the shock wave is in thermal equilibrium so that the temperature of

0 e ithe various constituents are equal (T T = T = T1). In addition, require

the gas to be charge neutral (n = n = n.) both prior to and after the passagee 1

of the shock wave. In this case. the density, pressure, and specific internal

energy of the ionized background gas is given by Equations (14a, b, and c) re-

spectively.

Pl= fl(nlo + nl+) = n! (14a)

+

P1 = kT (n' + n ) (14b)
1 1 1

1 3 "n1 - 3I[ kT (n1 + n• )+ (14c)
1 tl2 1 1 1
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0 +.

where n1 nI + nlo Contrary to the condition in front of the shock wave, the
1 1

various constituents of the shocked gas immediately behind the shock front are

not in thermodynamic equilibrium. If we consider a plane behind the shock front

where each constituent has already attained a Maxwellian velocity distribution,

we can speak of constituent temperatures which however are not necessarily equal

to each other (T 2 ° • T 2 \ T 2 ). These temperatures are not totally independent

of each other but will relax to the same value after a sufficient number of ener-

gy exchanging collisions between unlike particles. Since the fraction of energy

of a particle transferred to another particle in an elastic collision is equal

to the ratio of the masses, the ions are always in good thermal contact with the

atoms. Hence, immediately behind the shock front we have the following approxi-

mate thermodynamic relationship

0 i
T 2 T2 = KT1 (15)

where K is a proportionality constant possibly depending on the shock strength

and the properties of the background gas. Contrary to this condition, the free

electron gas is rather well thermally insulated from the atoms. Neglecting in-

elastic collisions, approximately fl/m atom-electron or ion-electron collisions

are required to attain thermodynamic equilibrium between the electrons and the

heavy constituents. Depending on the degree of ionization and also on the tem-

perature, this may occur in a time on the order of the time required to attain a

Maxwellian velocity distribution in the heavy constituents, or possibly a much

longer time. Hence, in order to keep the problem as general as possible we con-

sider the plane behind the shock front where a Maxwellian velocity distribution

is first attained in the heavy constituents and let the electron gas attain a
0 i e

temperature entirely independent of the heavy particles (T2° = T 2 T2 ). The

case of equal temperatures for each of the three gas constituents is an easy ex-
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tension of the case considered.

The density, pressure, and specific internal energy of the shocked gas neg-

lecting shock ionization and excitation, and for the case T2 = T2  = KT, k T2 -e

are given by Equations (16a, b, and c) respectively.

P2 =9k(n2  + n2 ) (16a)

o + + T e (
P 2 =k[(n 2  +n2 )KT 1 +n 2  2 (16b)

1 3 k[ o n+) 2
-k[(n + )KT + ]n+Te (16c)

2 o + 2 2 2 1 2 2
e (nn2 0 + n2 2)

-I

Substitution of Equations(14) and (16) into Equations (1) leads to the following

expressions which must be satisfied across the shock wave

nt i nl nl+nln
2 1 1 n? +n 1  2

M-- (1 _-"-- ) + e T - 2 (17a)
2 22

n2 M 2 n'2 n2 .

+n l (1 2 enn

nl , + --- [ -- _ K- T T_ Te (17b)
nI 12 n2 2

where Y is the ratio of the specific heats in the non-ionized constituent,

0 + 0 +
n1  nI1  + n1  and n' n2 + n2 . Setting Equation (17a) equal to Equation (17b)

and letting Y = 5/3 we find

2 o +S4M(nI +n -.
no + n + 1 1 (18a)

2 2 M 2+ 3(1 + a
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or

+ 1 4M 2 n2
n n'/n - - (18b)2i L + 3 (1 4- CI) nI 0 nl°

where M is the Mach number with respect to the neutral constituent of the back-

ground gas.

The validity of Equation (18a) is independent of thedegreeof iontization:of

4. +
the background gas. If the background gas is not ionized, (n = n22  C I = 0)

then the compression ratio of the neutral constituent is given by

o

*2 4M2
0 2 (19)

n1  M . 3

which agrees with the previously calculated compression ratio given by Equation

(5b).

0 0
If the background gas is fully ionized (C1 lm n I n 2  0), then the

compression ratio of the charged constituents is

n 2  _ 4M2  
(20)

nI 2 + 6

Hence the compression ratio in the fully ionized case is nearly equal to the com-

pression ratio in the non-ionized case and differs considerably only at low Mach

number. Actually Equation (20) will apply only for M > -2 This restriction

occurs because the shock velocity M is normalized with respect to the velocity

of sound in a thermally perfect non-ionized gas, whereas the shock wave in this

case is in a thermally perfect ionized gas for which (at T =i T.) the velocity
e b

of sound is greater than the velocity of :•ound in a like, but non-ionized gas.
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In a partially ionized gas (0 < OI < 1) the compression ratios of the two

constituents cannot be separated without considering the various relaxation pro-

cesses in detail. However, in the case of slight degree of ionization (Q << 1)
0 0

it is obvious that the compression ratio of the neutral constituent n 2 /n will

be., at most, only very slightly affected by the presence of the ionized consti-
0 0

tuents. Hence, in this case the compression ratio n 2 /n 1  is given approximately

by Equation (19). Substitution of this expression into Equation (18b) with the

additional approximation

3a
1 1

= 1 2 (21)3 a M2
1 M+3

1+-2

M2 + 3

leads to Equation (22) for the compression ratio for the charged constituent in

a slightly ionized inert gas

+ M2 M2 
(22)

n1 M + 3 +3

As discussed above, this equation applies only if M > ;ff because we have assumed

in the derivation that the velocity of the shock wave is greater than the velo-

city of sound in the ionized constituent.

The above derivation shows that a shock wave in a slightly ionized gas

compresses the charged constituents by a factor slightly less than the compres-

sion ratio of the neutral constituent. For shock velocities greater than about

Mach 4 the two compression ratios are nearly equal but they differ considerably

at low shock velocities. The near equality of the two compression ratios was

42experimentally verified by Takeda et al., although his results showed a much
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smaller difference between the two ratios at low Mach numbers than that pre-

dicted by Equation (22). The reason for this discrepancy is most likely multi-

fold. First of all1 the velocity of propagation measured by Takeda is averaged

over a distance of several centimeters, hence may be lower than the true shock

wave velocity. On the other hand. it was assumed in the above calculation that

the compression ratio in the neutral constituent is not altered by the ionized

constituents. This is undoubtedly a very good approximation. However, since this

compression ratio is divided by Q in Equation (18b), a small variation in n2 /n1

due to the presence of the charged particles would have a large effect on the

value of the compression ratio with respect to the charged particles. In addi-

.tion, heat conduction was neglected in the above derivation. This is most proba-

bly a very good approximation in the absence of ionization. However, the effec-

tive velocity of heat flow via the free electron constituent of an ionized gas is

under some conditions (depending on pressure, temperature, type of gas, etc.)

supersonic.7 8 Hence, this phenomenon may have a pronounced effect on the proper-

ties of shock waves, especially in the case of low velocity shock waves, and at

least partially account for the small apparent discrepancy between the measured

compression ratio and the value given by Equation (22).

The relatively high heat conductivity of a partially ionized gas and es-

pecially the velocity with which the heat energy propagates through an initially

cold plasma medium has other far reaching implications in shock wave phenomena.

These effects are especially pronounced in electric shock tubes as a result of the

preionization of the background gas during the electric discharge and also due to

the highly ionized driver gas which expands from the discharge section and close-

ly follows the shock wave down the expansion chamber, Both of these phenomena

are discussed in considerable detail in later sections of this paper and we con-

sider here only the role of non-negligible heat conductivity on shock wave for-

mation in electric shock tubes.
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Consider an electrically driven shock wave propagating through a partially

ionized background gas. The shock wave will compress the free electron consti-

tuent of the background gas according to Equation (22) and will also heat it.

The initial temperature attained by the shocked free electron constituent of the

background gas will be almost entirely independent of the temperature attained

by the neutrals. However, these two temperatures will relax to the same value in

a time on the order ofk/m times the mean time between atom-electron collisions.

In the absence of heat conduction these two temperatures will then remain nearly

equal, with the temperature of the atoms slightly higher than that of the elec-

trons. If the shock wave is sufficiently intense, kinetic energy is continuously

transferred from the atomic gas to the electron gas and then back to the atoms

in elastic collisions, until equilibrium is attained. This phenomenon was dis-

cussed above and is rather well understood. However, if the effect of heat con-

duction is considered, then it is obvious that it may play an important role in

both the process of shock wave ionization and energy loss from the shock wave.

In order for this effect to be important, the effective velocity of heat flow

must be greater than the velocity of the shock wave. This condition is satisfied

in some gases if they are ionized to a sufficiently high degree and if the heat

source is-sufficiently hot. 7Y8 If this condition is satisifed, then heat energy

can flow via the electron gas from the ionized shocked gas to the colder ionized

gas in front of the shock wave, thereby quickly cooling the shocked gas. This

same cooling process can also occur behind the shock wave, in which case shock

energy is transferred via the electron gas from the ionized shocked gas to the

ionized driver gas. Conversely, if the ionized driver gas is hotter than the

shocked gas, thenheat energy may flow from the driver gas to the shocked gas.

Since heat energy can, under some conditions, flow either into or out of either

end of the column of shocked gas, it is apparent that as a result of heat con-

duction the electron temperature in the shocked gas may be either higher or lower
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than the temperature of the heavy constituents in the shocked gas. In addition,

instead of the electron temperature being nearly constant throughout the shock

wave, as in the case of negligible heat conduction, it may vary considerably.

Both of these effects would affect the ionization rate and the visible radiation

from the shocked gas. This phenomenon will be more fully discussed in a later

section of this paper and some experimental evidence of the effect will be pre-

sented.

In addition to the cooling of the shocked gas as a result of heat conduction,

it is possible that some precursor effects in front of shock waves are a direct

v result of this phenomenon. Several investigators have observed propagating pre-

cursor disturbances which propagate with a velocity nearly equal to the velocity

of the shock wave. To our knowledge, a mechanism for their production has

not been found. It appears possible that percursors may be a result of heat

flow from the shock wave to the gas in front of the shock wave. However, suf-

ficient data is not available in order to determine whether or not this is the

actual production mechanism. Precursors of this type were not observed in this

work. This is most probably due to the use of insufficiently sensitive detection

techniques.
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4. DOPPLER SHIFT MEASUREMENTS OF SHOCK WAVE VELOCITY

When a shock wave travels through a background gas at a sufficiently high

velocity it ionizes it. The degree of this ionization is, of course, dependent

on a number of conditions. The mechanism of shock ionization is discussed in the

previous section. In connection with Figures 1 and 2 it is seen that in the case

of shock waves moving in room temperature inert gases the shock wave will ionize

the gas to a significant degree only if the shock wave velocity is greater than

about Mach 8 (slightly gas dependent). Above this threshold velocity the degree

of shock ionization is a rapidly increasing function of shock wave velocity. If

a shock wave in neon gas at 2mm Hg pressure has a velocity greater than about 2

Mach numbers above the threshold velocity for ionization, then the equili-

brium degree of ionization is already sufficient to appreciably interfere with

the propagation of 3 cm wavelength electromagnetic waves (iJe,, n > 10 1 /cm 3).
e

The phenomenon of EM wave interaction in the shock ionized gas can be applied to

the determination of shock wave velocity and is also useful in the investigation

of the electrical properties of the produced plasma. In this section we consider

the measurement of shock wave velocities by Doppler frequency shift of an EM wave

reflected by the shock wave plasma.

Doppler frequency shift of an electromagnetic (EM) wave of known frequency

reflected by the plasma associated with a shock wave has previously been used by

28 29
other investigators to measure the velocity of shock waves. ' In these works

the investigators assumed that the velocity of the EM reflecting plasma cloud was

equal to the velocity of the shock front, that the EM reflection coefficient of

the plasma cloud was time independent, and that the phase velocity of the inci-

dent EM wave immediately before reflection was equal to its phase velocity in

vacuo. The first two of these assumptions are approximately realized in practice

if the shock wave is sufficiently intense (> Mach 10), but the latter assumption

is usually not realized in electric shock tubes at relatively short times after



33

the end of the shock producing electric discharge 0 This is due to the preioni-

zation of the background gas at the time of the discharge. In 'this section EM

reflection by a propagating plasma cloud characterized by a time independent EM

reflection coefficient and propagating through a background plasma, of known elec-

tron density is considered. Although the properties of such reflections are well

known, some elaboration will prove useful in discussions conducted in later sec-

tions of this paper.

We consider an EM reflecting body characterized by a time independent EM

reflection coefficient propagating in the z direction through a' plasma medium of

known electron density. The electron density of the background plasma is. assumed

to be spatially independent in the x and y directions but relatively slow spatial

variations are permitted in the z direction. In addition, it is assumed that the

electron density at each point in space is time independent. For an incident EM

wave of frequency f the frequency of the reflected wave fR is determined, by

summing the time required for a wave train to pass through adjacent regions of

the background medium of infinitesimal thickness dz. A wave train of any con-

venient length can be used in this calculation but for convenience a wave train

one wavelength long is considered. Under these conditions the period of the re-

flected wave TR 1/fR is given by

/0
T R To - 2f V(Z) (23)

where T = 1/f is the period of the incident wave, V (z) is the phase velocity
0 0 p

of the incident at position z, z is the position of the reflecting surface at0

the time when the leading edge of the sensing wave train first reaches it, and

z' is the position of the reflecting surface when the trailing edge of the

sensing wave train reaches the reflecting surface. In general z' is not known
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but is related to the velocity of the reflecting surface (VR) and the phase veloc-

ity of the incident wave by the following equation.

dz

dz z 0 (24
V(z) V (24)

where z'' is related to the physical length of the sensing wave train when it

first reaches the reflecting surface. Its functional dependence in terms of the

period of the incident wave is given by Equation (25).

z dz

v(z) T o (25)

If the EM reflecting surface is propagating along the longitudinal direction

of a metal rectangular waveguide and if all modes of the incident EM wave are cut

off except the TEl10 mode, then the phase velocity of the incident EM wave is

given by Equation (26).

V c (26)
PEr -(Xo/2a)

2

where c is the velocity of light in vacuo, E is the relative dielectric constantr

of the medium filling the waveguide, a is the wide dimension of the rectangular

waveguideand X. = c/f . If the waveguide is filled with a plasma of known elec-

tron density n (z), then the relative complex dielectric constant at angular fre-
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quency w 27Tf is given by
0 0

,2

E(z) = 1 - (27)r ~~l+jV," (7

2 11/2V 'W

where w (z) = (n (z) e2 /E m)1/2 is the plasma frequency, e and m are the electron
p e 0

charge and mass, and v is the effective electron-molecule collision frequency for

momentum transfer. Substitution of this value of Er into Equation (26) with. the

additional assumption that v << w one obtains (it will be shown in a later sec-

tion of this paper that this assumption is valid in the experiments conducted in

this work)

VWc (28)
P 4 1 .- (wO(Z)/w)2 - (\o/2a)2

(Wp o/ 0 /a

Equations (23)-(25) with the aid of Equation (28) expresses the Doppler fre-

quency shift of an EM wave reflected by a surface propagating through a plasma

medium in a rectangular waveguideo Of course for this equation to apply the

phase velocity of the incident EM wave prior to reflection must be real valued

(i.e., [(W /W ) 2+ ( /2a) 2 < 1). In the special case where the electron densitye 0 0

in the background medium filling the waveguide is independent of z the above

equations reduce to Equation (29).

Af f f 2VR i- (W/Wo)2- ()o/2a) 2  (29)

This simplified equation relating the Doppler shift to the reflector velocity

is approximately valid if the phase velocity Vp (z) is nearly constant through-

out the region traversed by the reflecting surface during the time required to

measure the frequency of the reflected wave.
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It will presently be seen that Equation (29) is approximately applicable in

the case of electrically driven shock waves only if the time of observation is

sufficiently later than the time of the shock producing electric discharge.

This equation will usually not apply at short times after the electric discharge

due to rapid spatial and time variations in the background electron •density. Many

of the experiments discussed below are concerned with either the direct or in-

direct application of Equation (29) to the study of phenomena occurring in elec-

trically driven shock tubes.
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5. THE SHOCK TUBE

The investigated shock waves were produced by sending a pulse of high cur-

rent through a low pressure gas in a cylindrical discharge chamber similar to the

chamber used by Josephson. 4 The particular configuration used in the majority of

this work is illustrated in Figure 3. It consisted of a molydenum rod electrode

(1/4 inch diameter) and a 0.85 inch inside diameter stainless steel ring elec-

trode. The sleeve of the ring electrode was insulated from both the rod electrode

and the electric discharge heated gas by a short length of Vycor glass tubing.

Pyrex glass insulating walls were used in some early discharge chamber models.

While Pyrex glass is advantageous in many respects, especially since it can be

formed into any desired shape without introducing excessive strain, it was found

that Pyrex would not withstand the intense heat produced in the volume by the

electric discharge. However, Vycor glas has far superior thermal and mechanical

properties and appeared to be negligibly damaged even after several thousand

shock wave producing electric discharges.

Shock wave producing electric discharges were made by discharging a 14.5

SJf, 20 kv low inductance capacitor through the gas filled discharge chamber.

The energy storage capacitor was electrically connected to the two electrodes of

the discharge chamber by means of a short length of double braid coaxial cable.

The electric discharge was initiated at the desired time by a trigger pulse to a

GL-7703 ignitron in series with the discharge chamber and the capacitor. A

second GL-7703 ignitron, placed directly across the terminals of the energy stor-

age capacitor was used as a crowbar circuit. A schematic representation of the

circuitry involved is illustrated in Figure 4. The sequence of events is as

follows. The energy storage capacitor with the positive terminal grounded was

first charged to the desired potential. At the desired time the main ignitron

was triggered. This trigger pulse was obtained by discharging a 2 •f capacitor,

charged to 3 kilovolts, through the primary of an air core 2 : 1 step-up trans-
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former whose secondary voltage is applied to the ignitor. With the discharge

chamber filled with a gas at a few mm Hg pressure the current reached its maxi-

mum value in about 4 microseconds. Without the crowbar circuit in operation the

discharge current would then continue to oscillate at approximately a 62 kilo-

cycle rate. The number of cycles of oscillation before the discharge current

fell to a negligible value was, of course, dependent on the discharge voltage

and the type and pressure of the gas filling the discharge chamber. The oscil-

lating discharge current is disadvantageous in many respects and especially be-

cause successive shock waves are formed during each half cycle. The successive

shock waves travel in a gas alrerdy heated by previous shock waves, hence over

take the shock wave formed by the first half cycle of discharge current and re-

inforce it0  This reinforcement tends to complicate experimental observations

of shock wave phenomena and also complicates the phenomena itself. The succes-

sive shock waves were eliminated by placing a second ignitron directly across

the capacitor and igniting it a fraction of a microsecond after the voltage

across the energy storage capacitor went through zero from negative to positive0

The pulse applied to the ignitor of the crowbar ignitron was obtained in a man-

ner similar to that applied to the main ignitron0 The timing for this trigger

pulse was conveniently obtained by a search coil placed close to the center lug -"

of the energy storage capacitor. The magnitude of the voltage across the search

coil waslof course)dependent on the magnitude of the discharge current. In the

case of a 12 kv discharge, the search coil voltage had a maximum amplitude of

about 600 volts0 A diode across the input of the trigger circuit to ground pre-

vented the first quarter cycle of the search coil signal from saturating the

circuitry in the trigger circuit 0  This trigger circuit was constructed so that

it would fire when the sinusoidal input signal reached a voltage equal to about

6 volts positive. With the crowbar circuit in operation the peak value of the

first negative swing of the discharge current was reduced to less than 10 °/o
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of its peak value without the crowbar ignitron. After this time the current

through the discharge chamber continued to oscillate for about 35 microseconds

but at a reduced amplitude. With the crowbar circuit in operation no evidence

of formation of more than one shock during any one discharge was found.

An essential feature of shock wave production by electric discharge is the

necessity of heating the gas in the discharge chamber in a very short time. This

requires a fast rising discharge current and consequently it requires small stray

inductances in the discharge circuitry. The stray inductance was minimized by

the coaxial geometry design of the discharge circuitry. The construction of the

ignitron housing is illustrated in Figure 5. The main ignitron is mounted direct-

ly on the center lug of the energy storage capacitor. A cylindrical housing

around this ignitron is used as the return path for the discharge current. Double

braid coaxial cable with the inner conductor connected to the plate of the main

ignitron and the outer conductor connected to the cylindrical housing of the main

ignitron, guides the discharge current from the capacitor to the coaxial discharge

chamber. Mylar in sheet form is wrapped around the ignitron and its mounting

in order to electrically insulate it from the cylindrical housing. The plate of

the crowbar ignitron is electrically connected to the center lug of the capacitor

with a 1/8 inch thick copper plate.

The shock tube expansion chamber used in the majority of the experiments

discussed below is illustrated in Figure 6. The open end of the discharge chamber

was epoxy sealed to a piece of Pyrex glass tubing. The inside diameter of this

tubing was 0.8 inches which is also the inside diameter of the hollow ring elec-

trode. A slow transition from the circular to rectangular cross section (0.4

inches by 0.9 inches dimensions) funnelled the shock waves to the inside di-

mensions of x-band waveguide (i.e.,WR-90). An x-band waveguide cover flange

(i.e.,UG-39/U) with an o-ring groove was epoxy sealed to the far end of the

rectangular cross section glass wall expansion chamber. This permitted easy in-
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Figure 5. Illustrates the mounting of the two ignitrons which were used to
trigger and crowbar the shock wave producing electric discharge.
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stallation of various metal wall expansion chambers. Most of the experiments

discussed below were conducted in the metal wall section of the expansion cham-

ber. Several different designs were used as expansion chamber observation

sections and each is fully descriied below. Each of these observation sections

was constructed with a length of stock x-band waveguide as the expansion chamber

walls. The downstream end of the metal expansion chamber was connected to an

x-band microwave source and detection system. An eight mil mylar window with an

o-ring was used at this connection as a vacuum seal.

The vacuum pumping system and gas supply was connected to the shock tube

through a 3/16 inch diameter hole in the ring electrode of the.discharge chamber.

-6
The entire shock tube was evacuated to less than 10 mm Hg and then filled with

the desired gas at the desired pressure before each discharge. Most of the ex-

periments discussed below were conducted in a background gas of either neon or

argon at a few mm Hg pressure. These gases were obtained from Linde Corporation

in one liter glass flasks. In some experiments air was used as the background

gas0 This was obtained at the desired pressure by slightly opening a stop-cock

which was open to the room and letting Illinois air leak into the system. The

vacuum pumping system was an all glass system utilizing greased(Apiezon type N

vacuum grease) stop-cocks, a three stage water cooled oil diffusion pump, and a

mechanical fore pump0 Gas pressure measurements were made by an RCA 1949 ioni-

zation gauge, an RCA 1946 thermocouple gauge, and an Octoil-S oil manometer.

Figures 7 and 8 illustrate the two expansion chamber observation sections

which were used in the majority of the experimental work discussed below. Each

of these was constructed from a length of copper wall x-band waveguideo They

were fitted with special o-ring grooved cover flanges so that vacuum inter-

connection of sections could be made with relative ease0 The chamber illustrated

in Figure 7 includes four ports of observation each separated by five centimeters.

At each observation port a 62 mil diameter hole was drilled in the center of one



LLJ 45

UJ 0

0 L0

CD.

w j
w LLw

> 0
4 0

LJA

e --

ww
3:0 a

wb
0 0 z 0 H

Vw



46

Ld u

(D >
z 0~

Ld z
00

aco W

00

X LLJ r.

cr < rJ( r.4

LAJ Mca
a- u LLJ P
CL -1 -4

crx



47

of the broad walls of the waveguide and was covered with a thin piece of glass

plate. The glass cover was vacuum sealed to the metal wall with epoxy cement.

A quartz fiber light pipe, placed against the glass cover and directly in front

of the hole, guided light radiated by the shocked gas to photomultipliers. Di-

rectly opposite each light port, in the center of the other broad wall of the

metal wall expansion chamber, a small metal probe penetrated through the wall

and extended into the chamber. Each of these metal probes was a 10 mil copper

wire and each extended 1/16 inch into the interior of the expansion chamber.

Each probe was electrically insulated from the metal wall by a ceramic sleeve and

was vacuum sealed with epoxy cement. Outside the expansion chamber, a short

length of coaxial cable was connected to each of the metal probes. Each of'the

coaxial cables was terminated in a 2.2k ohm resistor and the voltage across this

resistor was monitored as the shock wave passed over the respective probe,.

* The small metal probes were also used as microwave antennas. A microwave

signal was propagated down the expansion chamber while a shock wave advanced

along the chamber in the opposite direction. The plasma column associated with

the shock wave partially reflected the incident microwaves. The reflection co-

efficient of the incident EM waves was, of course, dependent on the frequency

of the waves and the electron density profile in the shock wave. The resulting

EM waves in the waveguide at the position of each of the metal probes was sampled

by the respective probe and partially coupled into that probe's respective

detection waveguide. The length of the detection waveguides, between the

coupling probe and the detector mount, was sufficient to prevenL the low fre-

*. quency signal on the probe due to charge distribution in the expansion chamber

from reaching the microwave detector. The magnitude of the EM signal coupled

from the expansion chamber into a detection waveguide was obviously dependent

on the position of and the reflection coefficient of the propagating plasma col-

umn reflector, Prior to the passage of the shock front over the probe, the
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magnitude of the coupled EM wave varied in time\ according to Equation (29).

During the passage of the shock wave over the pr obe the amplitude variation of

the coupled EM wave depended on the electron density profile of the propagating

plasma reflector. This method was used to investigate the structure of shock

waves and is more fully described in a later section.

In a second application of the expansion chamber shown in Figure 7, the

microwave source was located in one of the secondary (detection) waveguides and

the probes were used to couple a portion of this EM energy into the expansion

chamber. When so used the measurements were based on the fact that the imped-

ance of the probe as seen by the microwave signal in the secondary waveguide was

dependent on the radiation impedance of that portion of the probe in the ex-

pansion chamber. Consequently, the impedance of the probe measured in tho

secondary waveguide varied sharply as the shock wave plasma passed over the

probe.

The expansion chamber illustrated in Figure 8 is similar to the one il-

lustrated in Figure 7, except the probes penetrated through the narrow wall of

the expansion chamber and provision was not made to observe the light radiated

by the shocked gas or to measure the EM energy spatial distribution in the

waveguideo
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6. CONCERNING THE PREIONIZATION OF BACKGROUND GAS

The apparatus used -to investigate the ionization process in the background

gas during the shock wave producing electric discharge is illustrated in Figure 9.

The expansion chamber is similar to the glass wall portion of the chamber illus-

trated in Figure 6, but in this case the-metal section was removed in order to

eliminate the possibility of a direct electric discharge through the background

gas. The electron density in the expansion chamber and between the two waveguide

horns was measured by the now well-known electromagnetic propagation technique.

The 30.8 Gc microwave apparatus could be positioned at any point along the 25 cm

long glass wall expansion chamber either in or downstream from the external trans-

verse magnetic field. The intensity of this magnetic field was variable from 0 to

3.5 kilogauss and was used to curtail the diffusion of charged particles across

the field lines down the chamber. The specific application of the magnetic field

will be further discussed when appropriate.

The microwave propagation technique-of measuring electron density in plasmas

is well known and will not be discussed here in detailol 0 Electron densities less

than 9.5 x 10 2/cm3 but greater than 012 /cm3 could be determined with the indi-

cated 30.8 Gc waves by measuring the EM transmission coefficient of the waves

incident on the plasma filling the expansion chamber.43 It was assumed in this

measurement that the traversed plasma was effectively an infinite slab of plasma

of known thickness. This assumption is justified since all measurements were

conducted in the rectangular crbss section expansion chamber, the width of which

was much larger than the width of the EM beam. The error in the experimentally

measured values of electron density throughout the indicted density range is be-

lieved to be less than 10 /o. The measurable range of electron density as well as

the accuracy could both be increased -by using more sophisticated EM-measuring

techniques but this was found to be unnecessary.
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Figure 10 illustrates the variation in amplitude of the transmitted 30.8 Gc

EM wave during and after a typical shock wave producing electric discharge. Up-

ward deflection represents increased transmission and the level of the trace

following the passage of the shock wave at t = 22 [ seconds represents zero level

transmission. In the case illustrated, the discharge voltage was 12 k volts, in

neon gas, at 4 mm Hg pressure and the p.robing microwave system was located 15 cm

downstream from the open end of the discharge chamber. The initiation of the

electric discharge was delayed 2 IJ seconds with respect to the start of the scope

sweep, The amplitude of the transmitted EM wave is seen to exhibit a decrease

shortly after initiation of the electric discharge and reach a temporary minimum

at t 6 HL seconds which is also the time of maximum discharge current. The

amplitude of this wave subsequently increased and returned to nearly total trans-

mission until the shock wave passed the point of observation at t = 22 • seconds.

From experimental calibration curves it is found that at the time of maximum dis-

charge current, the voltage transmission coefficient of the 30.8 Gc EM wave was
1

T2=0.28 from which it is determined that n =9 x 1012 /cm3
p e

The degree of preionization of the background gas during the time of the

shock wave producing electric discharge was highly dependent on the type and

pressure of the background gas, the discharge voltage, and the distance from the

discharge chamber. The time at which the degree of preionization attained its

-7
maximum value was coincident (within the accuracy of the measurement - 10 sec.)

with the time of maximum discharge current and did not vary along the 25 cm long

expansion chamber. The phenomenon was investigated in both neon and argon gases

in the pressure range from 0.1 to 5 mm Hg. The information obtained in these

experiments is fully described below.

Several mechanisms for the preionization of the background gas at the time

of the shock wave producing electric discharge have been postulated by other

authors but to our knowledge no definite conclusions have been drawn.5;6 The
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purpose of the following discussion is to show that under some circumstances this

preionization may be predominately due to photoionization by soft X-rays (X on the

order of a few angstroms) emitted from the discharge chamber during the electric

discharge. A spectometer for this range of wavelengths was not available for this

investigation so consequently the results are not conclusive. However, it is

shown that in the shock tube used in this investigation the electron density

spatial decay resulting from the preionization is consistent with ionization by

K radiation from the electron bombarded, stainless steel anode. Other mechanisms

such as diffusion of energetic electrons from the discharge heated gas and short

range, high energy ultraviolet radiation may also be important under some circum-

stances. However, as is discussed below, at points further from the discharge

chamber greater than a few tube diameters and with the gas conditions considered

here our results indicate that the preionization is most probably predominately

due to soft X-rays-

Consider a photon stream originating in the discharge chamber and flowing

through the expansion chamber. Let z be the distance along the chamber measured

from the open end of the discharge chamber and let I(zk)dX represent the total

number of photons in the wavelength range X + dX flowing through an expansion

chamber of arbitrary cross section at z cm from the discharge chamber. In this

case., the flow density I(zX) dX can be expressed in terms of the geometry of the

shock tube and the type and pressure of the background gas. This expression is

given by Equation (30).

-I1pz
I(zk) dX O(z) I(o,X) e dX (30)

where 1•() is the linear absorption coefficient for photons of wavelength X in the

respective background gas, p is the gas pressure in mm Hg, and a(z) is a geo-

metrical factor which accounts for loss of photons from the photon stream defined
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by the bounding walls.

The total number of photons lost from the stream in length dz is given

by Equation (31)

- z [(z dX dz = I (o,X) e-'pz dX LPO - dz (31)

The first term on the right hand side of this equation accounts for loss of

photons from the stream by absorption in the volume and the second term accounts

for loss of photons from the stream by striking the bounding:walls (assuming that

all photons which strike the walls are captured).

An exact analytical expression for a(z) cannot be obtained for all z be-

cause we have no way of knowing exactly where the photons originate or their

initial flow direction. However, at distances sufficiently far downstream it is

obvious that the photon stream can be projected-back to an apparent point source

located somewhere in or behind the discharge chamber. Therefore at values of z

greater than a few shock tubG diameters W(z) is given by a constant K times the

solid angle subtended by the expansion chamber from the apparent point source

arbitrarily located at z = -c. In the case of a rectangular cross section ex-

pansion chamber a x b on a side this is given approximately by Equation (32)

K(z) K ab if z >> b/2)2 + (a/2)2] 1/2 (32)(z + c)2 [(/) (/)

In order to determine the total number of free electrons at any value of z

which results from the incident photon stream, we must consider all secondary

electrons. This must include the effect of the energetic photoelectrons as well

as the effect of fluorescence and re-emission from the photon excited and secon-

dary electron excited atoms and ions. These two effects are accounted for by

the factors a and N in Equation (33) which expresses the total number of electrons
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in the volume abdz evaluated at, z due to the incident ionizing photon stream.

h(Z) dz 2, (z-•,kgas)+ z-X, a -dP (33)So z+,)2 (X z+c

In particular, the factor a(z-z,Xgas)represents the average number of secondary

electrons produced in the volume abdz at z due to a primary photon of wavelength

X being absorbed in the volume abdz at Z. Likewise, the factor Y(z-zXgas)

represents the average number of secondary electrons produced in the volume abdz

- at z due to a primary photon of wavelength X striking the bounding walls in the

length dz at zo

Atoms excited by absorption of primary radiation and atoms excited by col-

lisions with photoelectrons resulting from this absorption will subsequently emit

fluorescent radiation with ionizing capabilities. The effective energy spending

range of both the photoelectrons and the fluorescent radiation will, under some

conditions, be relatively long. In addition, successive fluorescence and suc-

cessive re-emission will tend to make their effective energy spending range for

ionization even longer. For purposes of illustration let us consider how energy

is transferred from a primary photon to the gas when it is absorbed by a gas

atom in the interior of a gas filled rectangular cross section expansion chamber

a by b on a side. The absorbed photon will eject one or more electrons (account-

ing for Auger electrons) from the atom, possibly from an inner energy shell,

leaving it in a highly excited and ionized state. The energy of the photoelec-

trons will be spent in inelastic collisions in the background gas and secondary

electron emission from the containing walls. The effective energy spending range

of the energetic photoelectrons is dependent on the gas conditions, the energy

of the electrons, and the geometry of the expansion chamber. Under some condi-

tions this energy spending range is relatively long and in this case the factor

(z - z) in the term a(z-zkgas) is appreciable and must be considered in the
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evaluation of the integral. However, the energetic electrons can be forced to

spend the majority of their energy locally by placing the expansion chamber on

a sufficiently intense transverse magnetic field which curtails diffusion of elec-

trons across the magnetic field lines and down the ,chamber.It was experimentally

found that within the accuracy of this experiment and under the investigated ex-

perimental conditions, a transverse magnetic field of 3.5 kilogauss had no ob-

servable effect on the resulting electron density either in or at any point down-

stream from the magnetic field. In view of this, even in the absence of the ex-

ternal magnetic field, the photo and secondary electrons spend the larger frac-

tion of their energy locally. Hence, to first order approximation the term z in

a(z-zXgas) can be set equal to z.

The excited ion resulting from the absorption of the primary photon will

subsequently emit fluorescent radiation with ionizing capabilities. The effect

of this fluorescence and especially successive fluorescence and successive re-

emission is very difficult to consider. However, by a phenomenological argument

it can be shown that this effect will be small and localized in the vicinity of

the primary absorption if the cross sectional dimensions of the expansion chamber

is sufficiently small. This can be shown in the following manner. Consider a

small section of the expansion chamber A z cm long and determine how much of the

energy initially stored in the excited atoms contained in this volume will prop-

agate down the expansion chamber, possibly by successive fluorescence and re-

emission, and how much of this initial energy will flow to the bounding walls and

be absorbed there. Since the fluorescent and re-emission radiation has no pre-

ferred direction, the fraction of energy transferred down the expansion chamber

as compared to the total energy which leaves the volume under consideration, is

equal to the ratio of the cross sectional area of the chamber to the total sur-

face area of this volume. In the case of an expansion chamber 2.28 cm by 1.27

cm (used in this experiment) it is found that if we consider the fluorescent
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energy initially in a section 1 cm long, then of this energy which leaves the

volume only 45 °/o is transferred either upstream or downstream while 55 0/A is

absorbed in the walls of the expansion chamber possibly producing photoelectrons

in the process. Hence, it is obvious that under the conditions of this experi-

ment, the ionizing effect of fluorescence and re-emission is localized in the

vicinity of the primary photon absorption and these phenomena cannot play an

important role in the ionization process. This of course is necessarily true

only at distances from the discharge chamber greater than a few tube diameters.

From the above discussion it is seen that under the conditions of this ex-

periment a primary ionizing photon absorbed in the background gas spends the

majority of its ionization energy locally. Hence to first approximation the:vari-

able z in Equation (33) can be set equal to z.

Experiments in both neon and argon gases at a few mm Hg pressure showed

that the electron density spatial decay at sufficiently large values of z was

dominated by the exponential factor. Typical spatial decay curves in the case

of neon gas are illustrated in Figure 11. Each experimental point on this plot

represents the electron density measured by the EM propagation technique with

the 30.8 Gc apparatus located at distance z from the open end of the expansion

chamber. The scatter of experimental points above and below the drawn lines is

due to error in experimental measurement of electron density and also is parti-

ally due to slight variations in degree of ionization for successive discharges.

The fact that the electron density decayed exponentially along the expansion

chamber with a rate of spatial decay highly dependent on the pressure of the

background gas indicates that the ionization was dominated by absorption of

photons in the volume rather than in the containing walls. At small values of

z (z < 10 cm) the decay rate was erratic as experimental conditions were varied

(pressure, discharge voltage, etc4 which most probably indicates the effect of

short range radiation and subsequent fluorescence and/or electron diffusion from
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Figure 11. The experimentally measured electron density at the
time of maximum discharge current as a function of
distance from the discharge chamber for neon gas at
various pressures.
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the discharge chamber and/or the effect of absorption of primary radiation by

the containing walls. However, at distancEsfrom the discharge chamber greater

than about 10 cm the measured electron density spatial decay rate was always

exponential over a fairly large range of experimental cohdi~tions as-is*indicated

in Figure IlL.. The decay rate determined from these curves when compared to

known decay rates (e- pz) in the gases used, predicted an ionizing photon beam

0
in the wavelength range 1 to 4 A . Since this was true in both neon and argon

gases over a fairly large range of pressures, it was pqstulated that the ionizing

photon beam was very probably characteristic radiation or at least its frequency

spectrum was rather narrow, In this special case the integral Equation (33) re-

duces approximately to Equation (34).

K pz(34)
n e (z (z + c)2

where in the shock tube used in this experiment and for z > 10 cm the first term

of the right hand side completely dominates the second term.

An effective linear absorption coefficient of the ionizing photon stream

was determined by comparing the measured electron density spatial decay rato to

the decay rate predicted by Equation (34). The effective wavelength of the

ionizing portion of the photon beam was then determined by comparing the measured

value of Ii to known linear absorption coefficients in the gases used. The known

values of hL in neon and argon were obtained from the Handbook of Chemistry and

Physics, 40th edition, and for convenience are plotted in Figure 12 for the

-1 2 0wavelength range 10 to 10 A

The effective wavclength of the photon stream was determined in both neon

and argon gases at several different gas pressures and several different dis-

charge voltages. In every case it was found that if the discharge voltage was

0
greater than about 8 kv, then the effective wavelength was approximately 1.75 A
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Since the K absorption edge of iron is 1.7394 A ý the radiation which predomi-

nated in the photoionization of the background gas was most probably K radiation

from the electron bombarded., stainless steel anode.

In agreement with other investigators, the final degree of preionization

was found to be slightly dependent on the material of the containing walls. This

is in agreement with photoionization of the gas by absorption in the volume.

That is, even though absorption of primary photons is predominately absorption

in the volume rather than absorption in the containing walls, the wall will play

a major role in the ionization process. For example, in neon gas at 1 mm Hg

pressure the mean free path for an elastic collision between a 7 kev electron

(approximate energy of an electron resulting from the absorption of K radiation

from stainless steel) and a neon atom is approximately 2 cm. Therefore if the

cross sectional dimensions of the expansion chamber are smaller than 2 cm, then

a 7 kev primary photoelectron will on the average make less than one energy

losing collision in the gas before it strikes the containing walls, possibly

producing one or more secondary electrons. In addition, the highly excited ions

and atoms which result from photon absorption and electron-molecule collisions,

will subsequently fluoresce0 A large percentage of this fluorescent radiation

will be absorbed in the walls with a possible large yield of photoelectrons.

In spite of the strong indication that the preionization was due mainly to

K radiation from the anode, this inference is not conclusive0  In addition, if

K radiation predominates in the preionization as is inferred above, then this

ionization mechanism will not exist when the discharge voltage is below the

* threshold value needed for K radiation0  For a stainless steel anode, the thres-

hold voltage for K radiation is approximately 7.l k volts0 It was found in this

experiment that if the discharge voltage was less than about 8 k volts, then

the degree of preionization at relatively large values of z (z > 10 cm) was

several orders of magnitude less than the degree of ionization indicated in
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Figure 11 for slightly higher discharge voltages. At smaller values of z the de-

gree of ionization did not seem to experience this rapid decline as the discharge

voltage was decreased below 8 k volts. These observations reinforced the in-

ference that the preionization was predominantly due to K radiation from the

anode at z greater than a few tube diameters and was predominantely due to other

phenomena (short range radiation, diffusion, wall effects, etc.) at smaller

values of z.

A limited number of observations in a shock tube with a T-type discharge

chamber showed that the background gas in this tube was also preionized at the

time of the shock wave producing electric discharge. However, contrary to the

case of the cylindrical geometry discharge chamber, the preionization was not

consistent with ionization by soft X-rays and the degree of ionization at any

particular value of z varied irregularly as the experimental conditions were

changed. In addition, for nearly identical experimental conditions the degree

of preionization in the T-type tube was generally much smaller than in the

cylindrical type tube.
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7. DOPPLER SHIFT RESULTS AND SHOCK WAVE STRUCTURE

In Chapter 4 we developed the relations which relate the velocity of an EM

-- reflecting body propagating through a rectangular cross section waveguide filled

with plasma to the Doppler frequency shift of the EM wave reflected by it. The

microwave apparatus which was used in conjunction with the x-band metal wall ex-

pansion chamber to measure the Doppler frequency shift of an EM wave reflected by

the plasma associated with a shock wave is illustrated in Figure 13. The measure-

ment was made by observing the variations in amplitude of the EM signal detected

* by .:he probe in the slotted line as the shock wave passed through the expansion

chamber. A typical recording of this is shown in Figure 14. The slotted line

detected EM signal was displayed on a dual beam oscilloscope on which the upper

trace was delayed until the shock wave entered the metal section of the expansion

chamber and the lower trace was delayed with respect to the upper trace by 90

microseconds. Each trace was swept at a 10 microseconds per division rate and

the incident EM wave was pulsed off for a short time as is indicated by the pulse

on the lower trace.

The slotted line detected EM signal illustrated in Figure 14 can be inter-

preted in a variety of ways. Perhaps the most descriptive interpretation is that

it displays the motion of the standing wave in the waveguide which is continually

in motion due to the motion of the load (shock plasma) seen by the incident EM

waves0 Regardless of the interpretation, the frequency of this signal is equal

to the magnitude of the shift in frequency due to Doppler effect and each full

cycle of the detected signal corresponds to a one half guide wavelength displace-

ment of the EM reflecting body0 Of course, in this sense one half wavelength re-

fers to the actual guide wavelength in the plasma filled waveguide immediately

in front of the EM reflecting body which is equal to z'' - z as defined by

Equations (23)-(25).

From the pulsed off portion of Figure 14 it is obvious that the EM reflection

coefficient of the shock wave associated plasma is relatively high. In the par-
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ticular shock tube used in this experiment, when filled with neon gas at 2 mm Hg

pressure, the power reflection coefficient of 8.5 Gc EM waves varied from about

0.88 at Mach 14 to about 0.55 at Mach 2. It is obvious that at least for the

lower shock wave velocities in this velocity range this measurement is relative

to the ionized driver gas rather than to the shocked gas. This is evident from

Figure 2 because shock waves less intense than Mach 10 will not appreciably shock

ionize the background neon gas, hence will not cause a significant reflection of

the incident EM waves. Therefore if the velocity of the shock wave is lower than

about Mach 10, the incident EM wave is dominantly reflected by the ionized driver

gas and the magnitude of the Doppler shift is relative to the velocity of the

driver gas rather than the shock wave. This effect is illustrated in Figure 15.

The upper trace is a record of the amplitude of the EM signal coupled from the

expansion chamber into one of the secondary waveguides as illustrated in Figure

7. The lower trace represents the voltage induced on the same probe that acted

as the EM coupling antenna. The shock front reached the probe at time t1 and at

this time it was traveling at a velocity approximately equal to Mach 6. At times

prior to the passage of shock front over the coupling probe (t < t ) the coupled

EM signal is similar to the slotted line detected EM signal (see Figure 14) and

can be interpreted in a like manner, The time at which the shock front reached

the probe is characterized by a sudden increase in probe voltage and ýa rapi: de-

crease in the magnitude of the coupled EM energy. The latter indicates that

either the EM coupling coefficient of the probe suddenly decreased or that the

value of the radio frequency electric field decreased rapidly in the vicinity of

the shock front. In either case the decrease in amplitude of the coupled EM

wave could only be caused by a sudden change in the dielectric constant of the

medium surrounding the portion of the probe located in the expansion chamber.

However, since the change in amplitude can be attributed to either a change in

electric field intensify or a change in the coupling coefficient of the probe
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Figure 15. Upper trace represents the amplitude of the EM wave

coupled from the expansion chamber into one of the

detection waveguides by its respective coupling probe

(see Figure 7). The lower trace represents the voltage

induced on this same probe. Neon gas, P1 = 2 mm Hg,

"f = 8.5 Gc, 10 ýL sec/division sweep speed, and M = 6.
0
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or both, it is difficult to relate this measured change to the actual change of

electron density in the medium surrounding the probe. On the other hand, we are

assured that the rate of increase of electron density at the shock front was

such that in a few tenths of a microsecond it reached a value sufficiently-high

to appreciably affect the 8.5G•cEM wave incident on the shock wave. Since the

shock wave was insufficiently intense to appreciably ionize the background gas,

it is obvious that the electron gas that cuased the disturbance at t was the

shock compressed free electron constituent of the background gas (see Equation

(22)). This was experimentally verified by increasing the degree of ionization

of the background gas by external means in which case it was found that the

effect on the coupled EM signal at time t was greater.

After the shock front passed the probe the shock compressed electron gas is

evidenced by the time varying slope of the coupled EM wave. That is, assume that

the shock wave is not decelerating and also assume that the EM reflection co-

efficient of the shock wave plasma cloud is constant in time. Both of these

assumptions are approximately realized over sufficiently short times. In this

case the coupled EM wave will be a constant amplitude, constant frequency sinu-

soid as long as the coupling coefficient of the probe and the phase velocity of

the EM wave in the region of the probe are constant. Hence a sudden change in

slope from the expected sinusoidal value can be caused only by a time varying EM

coupling coefficient or a space varying phase velocity. Such a change is experi-

mentally observed in the time interval t - t3 and is especially pronounced in

the interval t - t The slow relaxation of this signal after t back to its

expected sinusoidal variation indicates that the electron density decreases as 2

one proceeds from the shock front toward the driver gas. This, of course, is

due to recombination and diffusion of the shock compressed gas to the containing

walls as well as diffusion toward the driver gas interface.
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As the driver gas interface is approached from the front the electron

density increases very rapidly as is evidenced by the rapid variations in the

amplitude of the coupled EM wave in the time interval t 3 - t It is difficult

to determine the exact position of the interface but we are assured that it pas-

sed the probe in this time interval. It is also evident that the incident EM

signal did not penetrate into the hot driver gas beyond the position correspond-

ing to t5.

In the particular case illustrated in Figure 15 the velocity of the shock

wave as it passed the probe was approximately Mach 6. At both higher and lower

shock velocities the response was very similar to that shown in Figure 15 and

differed from it only in degree. For example, in the case of a Mach 10 shock

wave the response was similar except the shock front was closer to the driver gas

interface and the penetration of the EM waves (3 cm) into the ionized driver gas

was usually less than the resolution capabilities of the EM coupling probes The

depth of EM wave penetration into the driver gas is less at higher shock veloci-

ties because the driver gas is more highly ionized at the higher velocities due

to the higher discharge voltage which is necessarily required to produce the

higher velocity shock wave. Also, at higher shock velocities (> Mach 8) the

shock wave transfers energy to the background gas at a rate sufficiently rapid

to produce a significant degree of ionization and the free electrons produced in

this manner supplement the electron constituent of the driver gas causing an in-

crease in the space rate of change of electron density at the ionization front.

In some cases, depending on the degree of ionization of the background gas and

the shock wave velocity, the shock compressed electron cloud formed immediately

behind the shock front was sufficiently dense to prevent penetration of the EM

waves through it.

The delay time between the passage of the shock front and the subsequent

passage of the driver gas interface was measured as a function of shock wave
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velocity by simultaneously observing the voltage induced on eight of the probes

in the expansion chamber illustrated in Figure 8. A typical recording of this

is shown in Figures 16a and 16bo The letters S and L on these recordings indi-
n n

cate the passage of the shock front and the ionization front respectively over

probe number n. The probes are numbered consecutively beginning with the probe

closest to the discharge chamber. The data obtained in this manner is plotted

in Figure 17 for shock velocities in the range from Mach 3 to Mach 12 in neon gas

at 2 mm Hg pressure. As delay time we took the time separation between L andn

Sn which corresponds to the time t4 - t as shown on Figure 15. In the case of

non-ionizing shock waves (< Mach 8) this time delay corresponds to the time de-

lay between the shock front and the driver gas interface, hence determines the

maximum time available to measure the properties of the shocked gas. If the

shock is sufficiently intense to appreciably ionize the background gas (> Mach 8),

then the measured delay time is that between the shock front and the ionization

front which might be slightly less than the time delay between the shock front

and the driver interface. However, due to the short time available for the shock-

ed gas to ionize before it passes through the driver gas interface it is highly

unlikely that an ionization front will form in front of the interface.

The delay time shown in Figure 17 is for shock waves in neon gas at 2 mm Hg

pressure. However, it was found that this delay was nearly independent of gas

pressure throughout the pressure range from 1 to 5 mm Hg and was also nearly the

same in both argon gas and air. Since the rate of ionization in the shocked gas

11;12should depend on both gas pressure and the type of gasI1 this also indicates

that throughout the shock velocity range investigated, ionization equilibrium in

the shocked gas was not attained in the short time available before it passed

through the driver gas interface. The delay time is most probably dependent on

the geometry of the shock tube but this was not investigated.
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Figure 17. Time elapsed between the passage of the shock front

and the passage of the driver gas interface in neon
gas at 2 mm Hg pressure as a function of Mach number.
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The measured delay time as plotted in Figure 17 is also very closely re-

lated to the delay time between the passage of the shock front and the time at

which maximum light is emitted from the shocked gas. This is illustrated in

Figure 18 where the top trace is the light emitted from the shock associated

plasma at light port 3 (see Figure 7) and the bottom trace represents the vol-

tage induced on probe 3 and the negative of that induced on probe 4. In the

case illustrated, the velocity of the shock wave as determined by the time it

took to pass between the two probes was approximately Mach 10. In every case, T

for both faster and slower shock waves, it was found that maximum light emission

corresponded very closely to maximum induced voltage on the metal probe. Hence,

with the help of Figure 15 it is seen that maximum light emission occurs at

nearly the time represented by t 5 . Since t 5 is very nearly equal to t4 for shock

velocities greater than about Mach 4, then in this case the delay time plotted

in Figure 17 is also very nearly equal to the time delay between passage of the

shock front and the subsequent passage of the light front. It must be reiterated

however, that these delay times may be highly dependent on the geometry of the

shock tube.

In Chapter 4 the velocity of an EM reflector was related to the Doppler

frequency shift and the electron density of the medium through which it is mov-

ing. The effect of the background electron gas on the magnitude of the frequency

shift is illustrated in Figure 19. The data plotted in this figure was obtained

by observing the voltage induced on eight of the probes in the expansion chamber

illustrated in Figure 8 and also simultaneously measuring the Doppler frequency

shift. The velocity by Doppler measurement is the apparent velocity of the

shock associated plasma cloud which one obtains if Equation (29) is used to re-

late the shock velocity to the magnitude of the frequency shift with the addi-

tional assumption that the plasma frequency in the background gas is much less

than the frequency of the incident EM wave. It is seen that in the particular
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case illustrated in Figure 19 the, two methods of measuring the shock velocity

did not even reasonably agree until more than 130 microseconds after the initi-

ation of -the electric discharge which produced the shock wave. Hence, the

electron density of the background gas immediately in front of the shock wave

was greater than 10 10/cm3 throughout the first 130 microseconds of observation.

In addition, the fact that the Doppler shift was not observed during the first

80 microseconds of travel indicates that throughout this time the background

electron gas was sufficiently dense to completely cutoff the incident EM waves

2
and prevent them from reaching the shock associated plasma cloud ([W p/w] >

[1 - (X0 /2a)2 ])

The technique of measuring the velocity of a shock wave ionization front by

both EM waves (Doppler frequency shift) and a second independent method can be

used to make a fairly accurate measurement of the background electron density.

If the assumption is made that the background electron density is constant along

- -the total length of the expansion chamber or if the change in electron density

per guide wavelength is small, then the Doppler frequency shift for a reflector

propagating with a velocity VR through a background electron gas described by

w is given by Equation (29). The electron density in the background gas is

found by substituting the Doppler frequency shift and the velocity of the shock

wave obtained by a method independent of the Doppler frequency shift into this

equation. This technique was used to measure the electron density spatial decay

along the expansion chamber as a supplement to the electron density measurements

discussed in Chapter 6. However, this technique has the disadvantage in that

the electron density at various points along the chamber is not measured at the

exact same time. On the other hand, this technique of measuring the electrical

properties of gaseous plasmas by microwave interaction with the investigated

plasma in conjunction with reflection of the transmitted microwaves by an

ionized shock wave may find application in general plasma diagnostics.
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In addition to the above technique for measuring the background electron

density, an EM phase shift technique employing a shock wave reflection of the

sensing EM waves was also used. This technique is very similar to the usual

phase shift method of measuring electron densities and as is discussed below,

it is in some respects advantageous in general plasma diagnostics. Consider the

difference in phase between two EM signals coupled from the expansion chamber

into two of the detection waveguides illustrated in Figure 7. Let the coupling

probe closest to the discharge chamber be located at zI and the other one at z 2 .'

The phase difference 4p between the two detected EM waves is given by Equation

(35)

f (z2 - dz (35)

zp

where the phase velocity Vp is given by Equation (26) in terms of the electron

density in the gas filling the waveguide° In the special case where the phase

velocity of the sensing microwaves is independent of z, the electron densi1§y is

easily determined by comparing the phase difference with the waveguide empty

So to the phase difference with the waveguide filled with plasma A p. This

relationship is given by Equation (36)

(cp /W)2 = [1 - ( o/2a)2 Hl - (A ý/A ý0)2] (36)

The phase difference without plasma (A 0) can be either measured experimentally

or can be calculated with the aid of Equations (28) and (35). The phase differ-

ence with a plasma filling the waveguide can be measured in a variety of well

known ways. In this work, the two EM signals coupled into the two detection
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p.
7- waveguides were each displayed on one of the traces of a dual beam oscilloscope.

With a shock wave traversing the waveguide between the discharge chamber and

the first probe each of the detected signals were similar to the signal displayed

in Figure 15 prior to t The difference in phase A (ý between these two coupled

* signals at any particular time was easily obtained from a photograph of the dis-

played signals.

The above described method of measuring the electron density in the back-

ground gas was used to measure the degree of preionization resulting from the

shock producing electric discharge. It was also used to measure the electron

density of the background gas just prior to the passage of the shock wave. This

particular method of measuring electron density in a gas may find application in

general plasma diagnostics. Its most important features are: (1) the phase

"shift across the volume of plasma between the two coupling probes can be dis-

played directly on an oscilloscope, (2) the measurement is instantaneous, (3) the

end boundaries of the plasma have no effect on the magnitude of the phase shift

because these are also included in A o (hence cancel), and (4) the simplicity

of the microwave apparatus required for the measurement.
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8. SHOCK WAVES IN INDEPENDENTLY PRODUCED GASEOUS PIASMAS

Phenomena connected with shock waves in a background gas in which the de-

gree of ionization was enhanced by external means, above the value resulting from

the shock producing electric discharge are discussed in this section. A consid-

erable amount of work in this area of endeavor was previously conducted by

Takeda et al,42 The work presented below is not intended to supplement the work

of Takeda but rather was conducted and is discussed here in order to obtain a

better understanding of the results discussed in the previous sections of this

paper, It was desired to use the same investigation techniques in this work as

were used in the work discussed in Chapter 7 in order that comparisons could be

made between the two cases (i.e. with and without enhanced preionization). The

usual high current pulse discharge method of producing a background gaseous!

plasma is not applicable in the metal wall expansion chamber used in this work.10

Hence, a high power radio frequency wave was used to ionize the background gas

in the metal wall expansion chamber. This type of gas breakdown proved to be

quite satisfactory but, as is usually the case in radio frequency gas breakdown,

it is difficult to isolate the high power radio frequency breakdown pulse from

the sensing microwave apparatus and prevent it from saturating the sensing wave

detectors, Because of this isolation difficulty, the microwave techniques dis-

cussed in Chapter 7 had to be modified in order to use them to investigate shock

wave phenomena in gaseous plasmas produced by high power radio frequency waves.

The background gas was preionized by means of a short duration, high peak

power, narrowly pulsed (1.2 ýJsec,) radio frequency wave. A subsequent electrical

discharge in the discharge section of the shock tube produced a shock wave which

then traversed the region of partially ionized gas. Provision was also made so

that the high power radio wave could be pulsed on after the shock wave first en-

tered the metal x-band expansion chamber. In this manner the effect of an in-

tense pulsed radio wave incident on the shocked gas was also investigated. In
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both cases the shock wave and the associated phenomena were simultaneously in-

vestigated by low power level EM sensing waves and. by observation of the visible

light emitted from the shocked gas. The expansion chamber test section illustrat-

ed in Figure 7 was used in this investigation. A schematic of the microwave

instrumentation which was used in connection with this test section is shown in

Figure 20.

The electrical properties of the medium filling the main waveguide (i.e.,

expansion chamber) were investigated on the basis that the impedance of the

coupling probe as measured in the secondary waveguide is dependent on the di-

electric constant of the medium surrounding that portion of the probe which is

located in the main waveguideo In particular, knowledge of the power transmit-

ted passed the probe (P ) and the power reflected by the probe (P ) is sufficient
T R

to determine the power coupled by the probe from the secondary waveguide into

the expansion chamber. This in turn is related to the radiation impedance of

that portion of the probe located in the expansion chamber.

Detailed analysis shows that the radiation impedance is dependent on the

size of the probe, the geometry of the surrounding metal walls, and the di-

electric constant of the medium surrounding the probe. In general, an analytic

expression which describes the radiation impedance of an antenna in a metal wave-

guide cannot be obtained in closed form. However, if the physical size of the

antenna in the waveguide is small compared to the dimensions of the waveguide

then, at least in a qualitative sense, the radiation impedance of the antenna

should depend on the medium in which it is immersed in a manner similar to that

of a dipole immersed in an identical but boundless medium. In order for this

analogy to hold it is necessary that the radiation impedance not be dependent on

alterations of the properties of the medium at distances from the antenna greater

than the distance from the antenna to the nearest metal wallo If this were not

true, then the metal walls of the waveguide would play a prominant role in the
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radiation process and one could no longer use the dipole analogy.

Initial experimental observations showed that the radiation impedance of

the probe in the expansion chamber was significantly dependent on only that por-

tion of the medium located in the immediate vicinity of the probe. Hence it will

be assumed that the functional dependence of the radiation impedance of the probe

is similar to that of a dipole immersed in an identical but boundless medium.

In addition, due to the intense near field dependence only the case where the

probe is completely immersed in a uniform plasma need be considered, With these

"approximations the radiation impedance is found to be directly proportional to

the characteristic impedance of the medium. In the case of a uniform plasma

medium characterized by its plasma frequency w and electron-molecule collision"-- p

frequency for momentum transfer v, the radiation impedance at angular frequency

w is given by

(W /M )2 + (v !")
2  + i u pj2/

2
3 1/(

RAD 2 - 1 ( /c)+ (v/2)1 ((/37)(VW

p

where K is a constant which depends on the frequency of the EM field and on

geometrical factors. The power radiated by this antenna is given by the follow-

ing expression

/ RAD ef f e ZRAD

where: Jeff is the effective value of the antenna current and ReZ is the real
eff RAD

part of the radiation impedance. In this equation the probe current (J) is

uniquely determined by the EM fields in the source (secondary) waveguide and

therefore is not directly dependent on the properties of the medium which sur-

rounds the probe in the main waveguideo However, since the magnitude of the

power coupled, hence the EM field in the secondary guideis dependent on the
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medium surrounding the probe in the main waveguide, then the probe current (J)

is also dependent on the properties of this medium. However, this dependence is

of a second order and will be neglected in the following discussion.

It is seen that the power coupled from the secondary waveguide into the

main waveguide is maximum when the quantity l/2( 2 _ v 2)/W2 is equal to unity.
p

If the surrounding medium is partially ionized low pressure (- mm Hg) neon gas

and if the frequency of the EM wave is in the 9 Gc range, then the electron col-

lision frequency (v) can usually be neglected in this quantity (see Chapter 9)

and the power coupled is a maximum when the plasma frequency is equal to the

angular signal frequency. With this approximation it is seen that if the elec-

tron density, hence plasma frequency, of the medium which surrounds the probe in

the waveguide increases with time from a sufficient low initial value (i.e.,

W p << w), then the power radiated increases monotonically as the magnitude of

the plasma frequency approaches that of the signal frequency. The magnitude of

the power radiated reaches a maximum value when the plasma frequency is equal to

the signal frequency, the value attained being determined by the value of the

collision frequency. With further increase of plasma frequency (i.e., W > W)P

the radiation impedance rapidly approaches pure reactance and the power radiated

decreases to a low value.

The variation in the magnitude of the power radiated from the probe during

the passage of the cloud of ionized gas associated with a shock over the probe

is illustrated in Figure 21. The upper trace represents the variation in ampli-

tude of the EM wave reflected by the coupling probe (PR). This signal was de-

tected by detector R (see Figure 20). On this trace downward deflection cor-

responds to an increase in the amplitude of the measured EM wave. The lower

trace is the simultaneously detected EM wave which was transmitted past the probe

and detected by detector T (see Figure 20). Downward deflection on this trace

also represents an increase in amplitude of the EM wave. In the case illustrated
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the shock wave was traveling at a velocity equal to about Mach 8 as it passed

the coupling probe. It is clear from this recording that, from the time of the

shock producing electrical discharge to the time at which the shock front reached

the coupling probe, no significant variations were observed on either of the two

traces. At time t both the reflected and the transmitted EM waves, exhibit ao

decrease in amplitude. After this time the amplitude of the reflected EM wave

remained at this lower value for several tens of microseconds, but the amplitude

of the transmitted EM wave reached its minimum value in about one microsecond and

then immediately began to increase and reached a new maximum value after a delay

of about one microsecond. The amplitude of the transmitted EM wave then re-

mained at this increased value for several microseconds before it began to return

to its previous value. The change in the magnitude of the power coupled by the

probe from the secondary waveguide into the expansion chamber was determined from

this recording by applying *the principle of conservation of energy (i.e., Sp +

AlR + AYPT = 0). At the initial instant of change both ýPlR and P T were negative

which indicates that the magnitude of the coupled power was greater at that time

than it was in the case when the waveguide was empty (i.e., void of plasma).

Equations (37) and (38) indicate that this increase in coupled power occurred

when the plasma frequency of the medium in the immediate vicinity of the probe

was nearly equal to the signal frequency. The subsequent decrease in coupled

EM power likewise indicates that the plasma frequency of the surrounding medium

had reached a value greater than the signal frequency.

After the initial rapid variations, the amplitude of both the reflected and

transmitted EM waves began to return to the value they had when the expansion

chamber was empty. However, for a short time (from 140 microseconds to about

190 microseconds) the amplitudes of both of the EM waves were once again both

negative with respect to the value they had when the waveguide was void of plasma.

This indicates that during this time the plasma frequency of the medium surround-
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ing the probe approached the value of the signal frequency from a higher value.

- - After this time the magnitude of the coupled power once again decreased to its

empty guide value which indicates that the plasma frequency of the medium in the

vicinity of the probe had fallen to a negligible value (i.eo, w <K< W).P

The location of the shock light front with respect to the point at which the

plasma frequency of the ionized gas columnjassociated with the shock, first reached

a value equal to the signal frequency is illustrated in Figure 22. The shock in

the case illustrated here was traveling at about a Mach 11 velocity as it passed

the point of observation. The initial decrease in amplitude of the transmitted

EM wave (upper trace), from t=O to t=20 microseconds, was due to the presence of

a plasma medium in the vicinity of the probe. This plasma was produced by photo-

ionization of the background gas by high energy photons from the discharge chamber

during the shock wave producing electrical discharge.

Comparison of the photograph shown in Figure 22 with Figure 18 indicates

that the initial rapid change in the amplitude of the EM wave transmitted past

the probe in the secondary waveguide, corresponds to the driver gas interface.

However, in both Figure 21 and in Figure 22 no variations are noted which might

correspond to the shock front. The reason for this is that the shock wave com-

pressed electron gas in the vicinity of the probe was of insufficient value to

appreciably affect the impedance of the probe (ioe ,see Equation (22)), This

phenomenon is better illustrated in the recordings shown in Figures 23 and 24.

In each case the upper trace represents the microwave signal transmitted past

the coupling probe in the secondary waveguide and the lower trace represents the
I

intensity of the visible light emitted from the plasma at a position along the

) expansion chamber identical to-the position of the coupling EM probe. In Figure

23 a small decrease in the amplitude of the transmitted EM wave is exhibited 5

microseconds before the passage of the ionization front. This decrease corres-

ponds to the passage of the shock front. However, since the effect is only very
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slight, it indicates that the electron density of the shock compressed electron

gas is less than, but nearly equal to, the density required to produce a signi-

ficant effect. When the electron density of the background gas is slightly en-

hanced by external means, then the electron density in the shock wave compressed

gas is sufficient to produce an appreciable effect on the radiation impedance of

the EM coupling probe (the electron density in the shock compressed gas with re-

spect to that in the background gas is given by Equation (22)). This phenomenon

is illustrated in Figure 24. The experimental conditions for Figure 24 is the

same as that for Figure 23 except in this case the background gas was preionized

by means of the high power pulsed EM radio wave prior to the passage of the shock

wave. Due to the enhanced electron density in the background gas the electron

* density in the shock wave compressed gas was also enhanced. In this case, as is

, clearly evident in Figure 24, the shock -wave compressed electron gas produced a

pronounced alteration in the amplitude of the low level EM sensing wave trans-

mitted past the EM coupling probe in the secondary waveguide. A detailed dis-

cussion• of the observed waveform would be similar to the discussion conducted

above in connection with Figure 15. Hence, we will not repeat that discussion

here. It is interesting to note, however, the rapid rate of electron density

increase at the shock front. This is evidenced in Figure 24 by the rapid change

in amplitude of the EM wave at the shock front. This very rapid increase in

electron density at the shock front is also in agreement with Figure 15.

In the above discussion of experimental results, the shock front was identi-

fied., without question, with the disturbance observed in front of the shock light

front (i.e.,t 1 on. Figure 15, Sn on Figure 16, leading pulse on Figures 18, 231,

and 24). This identification is consistent with both the experimental results

and expected shock wave phenomena. In spite of this, the significance of this

identification deemed it desirable and worth while to verify it. This was in-

vestigated with the aid of the expansion chamber illustrated in Figure 25. The
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Figure 25. An expansion chamber test section employing two radio
frequency antennas located in the same cross sectional

plane of the expansion chamber and a teflon barrier to

reflect one half of the shock wave.
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construction of this chamber is similar to the construction of the chamber illus-

trated in Figure 7 except in this case -two probe antennas were placed ,n the, same•

cross sectional plane. A tefIon plug filled half of the volume of the expansion

chamber downstream from the two probe antennas. The microwave probing apparatus

consisted of two signal sources S and S tuned to nearly the same frequency andr t

two microwave detectors Tr and T . The specific microwave technique used to in-

vestigate the shock wave plasma was similar to the technique previously described

in connection with Figure 20. The coupling of microwave energy from one microwave

system to the other via the two coupling antennas was experimentally found to be

negligible.

The experimental procedure used in this investigation was as follows. An

"electrically driven shock wave was made to propagate down the expansion chamber

test section illustrated in Figure 25° The two microwave signals T and T werei r t

detected and each was displayed on one trace of a dual beam oscilloscope. When

the shock wave reached the position of the two probes, half of the shock wave

continued past the probe and down the gas filled half of the expansion chamber.

The other half of the shock wave was reflected by the teflon plug filling the re-

maining half of the waveguide downstream from the antennas. When a shock wave is

reflected, it travels back through the shock heated gas it originally passed

through. Hence, if the shock wave is sufficiently intense to partially ionize a

cold background gas, then the reflected shock wave will travel back through this

ionized gas, compressing and further ionizing it. Therefore, at the boundary

where the shock wave is reflected the electron density rapidly increases as the

shock front reaches the bnundary and is reflected. This technique was used to

locate the position of the shock front with respect to the disturbances pre-

viously discussed. Typical observations are shown in Figure 26. These signals

are similar to those illustrated in Figures 23 and 24 but differ slightly in ap-

pearance due to the teflon plug which slightly affects the impedance of the an-
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95

tennas. However, they can be interpreted in a manner identical to that discussed

above. In relation to Figure 26b the background gas was preionized by a high

power, pulsed, radio frequency wave. The degree of preionization was not enhanced

in Figure 26a.

In both Figures 2 6a and 26b, the detected signal Tr attained a minimum value

approximately 1 microsecond prior to the time at which Tt attained its minimum

value, (t=51t :sec. and t=52ý4 sec. respectively). According to the above dis-

cussion, for sufficiently intense shock waves, Tr should reach its minimum value

as soon as the shock front reaches the teflon plug. Hence, the shock front can

be identified with the time of minimum T (i.e.,in the case illustrated at timer

t=51ýl sec.).. In Figure 26b it is seen that Tt exhibits a rapid decrease at the

same time that Tr attained its minimum value. This decrease in Tt is recognized

as being due to shock wave compression of the background electron gas as was pre-

viously discussed in connection with Figures 15, 16, 18, 23, 24, etc. Hence, it

can be concluded that the leading disturbance in each of the previously dis-

cussed cases was due to shock compression of the background electron gas and in

addition, this disturbance can definitely be identified with the shock front.

The effect of a high peak power pulsed radio frequency wave (103 to 35 x

3
10 watts) on the properties of both the shock and the ionized driver gas was

also investigated. It was found that the properties of the shock compressed gas

could be appreciably altered by action of the high power microwave but in no

case was it possible to appreciably after the properties of the ionized driver

gas. This was true even in the case of quite low shock velocities (Mach 6) which

indicates that the ionized driver gas of even a low velocity electrically driven

shock is very highly ionized. It also indicates that the rate of increase of

electron density at the leading edge of the driver gas is sufficient to prevent

appreciable penetration of the incident (3 cm.) radio wave beyond the position

of the driver gas interface (this was also shown to be true in connection with
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Figure 15). Specifically, it was found, by using the apparatus which is illus-

trated in Figure 20, that a high power microwave, if incident on the shock would

breakdown the partially ionized gas which is formed by shock compression. This

gas breakdown greatly increased the magnitude of the electron density in the

region between the shock front and the driver gas interface and also increased

the electron density at the leading edge of the column of ionized driver gas.

As a result of the gas breakdown by the first few cycles of this high power wave

train, succeeding cycles of the wave train are attenuated (by reflection), and

hence do not reach with sufficient amplitude the driver gab interface of the

shock provided plasma. These experimental observations seem to provide a satis-

factory explanation to the fact that the effect of the high power EM wave on the

driver gas plasma was slight.

1
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carrying noise power

hf
P• w exp(hf/kT) -1 (40)

where h is Planck's constant and f = W/21T. If the wave-guiding system propagates

more than one mode, then each mode will carry uncorrelated noise waves and each

of these modes will carry the noise power PW given by Equation (40). At typical

microwave frequencies and termination temperatures f/T << k/h 2 x 1010 and in

this case Equation (40) reduces approximately to

P= kT (41)

If the noise radiating medium is not matched to the wave-guiding structure, then

only a fraction of the available power P. is radiated by the medium into the wave-

guiding structure. In this case the actual power radiated P in each mode is re-

lated to the available power PW by Kirchoff's law and is given by

P = kTAdf (42)

where P is the total power radiated by each propagating mode in the frequency

interval f + df and A represents the absorption coefficient of the radiating

medium, defined as that fraction of the total incident power absorbed by the

medium from a test wave launched from the position of the noise wave detector.

The power absorption coefficient A can be obtained from the field components of

the incident test wave E. andS. and the electric field inside the radiating

medium E, if this information is available. In the case of a plasma medium 1o-
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cated in a waveguide, A is given by

Jplasma R E o J :.)dv

A - e2(43)

fwaveguide Re(' 2 x ) "da

where the current density J is related to the electric conductivity W = p2EoV/
2 2

(v + w ) by ohms law.T= U E. The integration in the numerator of Equation

(43) is carried out over the volume of the plasma and the integration in the

denominator is bver the cross section of the waveguide. In general, the term in

the numerator of Equation (43) cannot be evaluated because the electric field

inside the plasma is not known. However, A is amenable to direct measurement

and is related to the power reflection and power transmission coefficients RP

and T by
p

where R =( xH )/(.xtt )
p (Er Hr (Ex11 i (44)

T = x Ht ) / (E xH. )
p ?t t 1

and the subscripts i,r, and t denote the incident, reflected, and transmitted

fields respectively.. Both R and T can be measured directly by measuring theP P

power of the incident, reflected, and transmitted test wave. In this measurement

the -test wave should be a noise wave with a bandwidth equal to that of the noise

wave detector. However, in most cases a monochromatic source set at a frequency

equal to the center frequency of the radiometer noise detector gives sufficiently

accurate results.
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In the case of a plasma medium radiating noise power P, the radiation

temperature T in Equation (42) is not necessarily equal to the temperature of

the plasma or any one constituent of the plasma. However, if the free electron

gas in the plasma has a Maxwellian velocity distribution, then comparison of

Equations (39) and (42) leads to the conclusion that the radiation temperature T

is equal to the temperature of the electron gas. This same conclusion can also

be reached in a phenomenological manner if it is argued that the noise arises

from collisions of electrons with atoms and ions. The number of collisions per

unit time between an electron and the heavy particles is governed by the average

velocity of the electrons. If the electrons have a Maxwellian velocity distri-

bution, then an electron temperature can be defined in the usual manner and its

value is determined by the average velocity of the electrons. Hence, if the

radiation temperature corresponds to a temperature state of the plasma consti-

tuentsthen this correspondence could only be with the temperature state of the

electron gas. However, this has meaning only if the electrons have a Maxwellian

velocity distribution. Experimentally it has been shown that the radiation

temperature of a plasma is very nearly equal to the temperature of the electrons

as measured by Langmuir probes if the condition of Maxwellianization of the

electrons is satisifed.

The purpose of the experimental work discussed below was to measure the

noise power ra~datted by a shocked gas through the shock front and attempt to re-

late the radiation temperature to the temperature of the electron gas. Such

measurements have special significance because noise radiation from a shocked

gas could possibly lead to a missile detection system. Also the radiation in

the radio frequency spectrum from the plasma sheath of a re-entry vehicle will

alter considerably the effective noise temperature of an antenna located in such

a vehicle.
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In this experimental investigation an electrically driven shock wave was

propagated through an x-band metal waveguide. The microwave apparatus used to

measure the noise power radiated by the shocked gas and associated driver gas

is illustrated in Figure 27, The noise power from the shocked gas was measured

with the aid of a superheterodyne receiver consisting of a balanced crystal mixer

and a 8.5 Gc local oscillator. The heterodyned signal was amplified with an

L.E.L. model IF65D preamplifier which has a center frequency of 60 Mc and an 11

Mc bandwidth and an L.E.L. model 1F66D amplifier which has a center frequency of

"60 Mc and an 11.2 Mc bandwidth. The over-all gain of the preamplifier and ampli-

fier was approximately 100 db. The local, oscillator power to the balanced mixer

was approximately 2 m watts. The output from the i-f strip was terminated with

a 0.005 pf capacitor and connected to the vertical input of an oscilloscope.

The noise power from the shocked gas was measured by comparing it with the

noise radiated by a standard noise source. The excess noise ratio of the stand-

ard noise souce used in this work was 15.28 db (as of January 9, 1962; N.B.S.;

Boulder, Colorado). Hence the radiation temperature of the standard noise source

was

10 log (T/290 - 1) = 15.28 (45)

or

T 10,000° K

The experimental procedure used in the determination of the radiation

temperature of the shocked gas is as follows. With the sliding short open and

the expansion chamber connected to the balanced mixer, an electric discharge was

ignited in the discharge chamber of the shock tube. The amplitude of the noise

radiated by the shocked gas was then displayed on an oscilloscope where- it was..
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photographed. A typical recording of the output of the balance mixer noise de-

tector during the passage of a shock wave through the expansion chamber is illus-

trated in Figure 2 8a. The 12 k volt shock producing electric discharge was ini-

tiated simultaneously with the start of the scope trace which was swept at a

50 VL seconds per division rate. The level of the signal during the last 100 ý

0 seconds of sweep represents zero excess noise. The detected signal during the

first 50 IJ seconds after the shock producing electric discharge must be disre-

garded. This is necessary because the balanced mixer detector is saturated dur-

ing the shock producing electric discharge and does not fully recover until ap-

proximately 50 VL seconds after initiation of the discharge.

The noise power radiated from the shocked gas was determined by comparing

* the amplitude of the detected noise signal with the amplitude of the noise signal

from the standard noise source. For example, in Figure 28a the amplitude of the

noise signal at t = 150 I' seconds is equal to the amplitude of the noise signal

from the standard noise source if 10 db of attenuation is inserted between the

noise source and the noise detector (i.e., A = 10 db). This is illustrated
sn

in Figure 28b which is a display of the noise signal from the standard noise

source with A = 10 db and all other setting of the noise detector the same as
sn

used in Figure 28a. Hence in Figure 28a at t = 150 Ii seconds the apparent radia-

tion temperature TA of the shocked gas is given by

10 log (TA/ 2 9 0 - 1) = 15.28 - 10 (46)

or

TA = 12650 K

The calibration for the noise detector, TA versus division of deflection is

shown in Figure 29. The apparent radiation temperature TA is not equal to the

actual radiation temperature T, given by Equation (42), because the shocked gas
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Figure 28. (a) Illustrates the noise power radiated from a

shock.wave plasma as a function of time (b) noise

power radiated from the standard noise source with

10 db attenuation.
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is not matched to the waveguide. However, if the power absorption coefficient

A of the shocked gas is known then the radiation temperature T is

TA

T A (47)

The coefficient A can be experimentally determined if measurements of the power

reflection and transmission coefficients can be made (Equation (44)). In the

case of an electrically driven shock wave with a velocity greater than about

Mach 2, an 8.5 Gc wave will not propagate appreciably through the shocked and

driver gas and Tp in Equation (44) can be neglected. Hence, A is equal to 1 -R p

where R is the power reflection coefficient of an 8.5 Gc test wave incident on

the shocked gas. The transmission coefficient T may not be negligible for allp

electrically driven shock wave, but it is evident from Figures 10 and 15 and also

from the discussion conducted in Chapter 8 that this condition is satisfied in the

shock tube used in this work, and under the investigated experimental conditions.

The power reflection coefficient R of an 8.5 Gc EM wave reflected by thep

shocked and driver gas was measured with the microwave apparatus illustrated in

Figure 27. In this application, the waveguide switch was set so that the expan-

sion chamber was connected to source S2 and its associated detection apparatus.

The techniques most commonly used to measure the reflection coefficient of a

microwave load are not applicable for the measurement of the reflection co-

efficient of the shocked gas because the microwave load (shocked gas) propagates

along the waveguide. In addition, the reflection coefficient of the shocked gas

is very high which increases the difficulty of obtaining accurate measurements.

However, a method was devised and is discussed below by which the desired

measurements could be made within the accuracy of available calibrated attenua-

tors. Of course, for these measurements to have meaning it is necessary that the

power absorbed in the shocked gas be much greater than the microwave power ab-
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sorbed in the waveguide walls and associated waveguide equipment. As is dis-

cussed below this condition was not satisfied in the case of very intense shock

waves (M > 12).

Consider a waveguide terminated in a lossy, partiallyreflecting load. Let

the amplitude of the incident r-f electric field be represented by E. Assume

that no power is transmitted through the load and let the magnitude of the elec-

tric field reflection coefficient be given by r, (i.e.,r=[Ipt. The total

electric field E in the waveguide is equal to the sum of the incident and re-

flected waves.

E = E. j~z + rejpz + jejt (48)

where 4 is a phase constant which is a function of the location of the microwave

load in the waveguide and this term also includes the argument of the complex

reflection coefficient. The magnitude squared of the total electrid field is

equal to

E 2 E = E.2  El-D2 + 4r cos 2 (Pz + c/2 (49)

The reference point for the position variable z is arbitrary. If z is the dis-

tance from a point of maximum E2, then 4 is equal to zero. However, if z is the

distance from a point of minimum E 2 then 4 is equal to jr. If we represent
+

the value of z for these respective reference positions by z and z respectively,

then E2 can be written in either of the following two equivalent forms.

= E 2 [l-r)2 + 4r cos 2 P~ Z+] 5

= EY [l 1 + r ) 2 _ 4r cos 2 P z] (50b.)



The reflection coefficient of the load r can be measured in a variety of

ways. For example, if the load is stationary, then the maximum and the minimum

values of E can be measured by varying z and in this case r is given by

r -= 1 (51)
r + 1

where r is equal to the ratio of the maximum to the minimum value of E.

In the case of a shock wave, we can determine F by measuring E at a constant

value of z because in this case the phase angle 4 in Equation (49) changes as the

shock moves along the waveguide. The reflection coefficient ris determined by

applying Equation (51). Measurements of this type could be made from a recording

similar to the one shown in Figure 14.

The above described method of determining r by measuring the standing wave

ratio r is sufficiently accurate for small values of r but the accuracy of this

measurement is very poor if r is large. This is especially true in the case of

square law detectors such as crystal microwave detectors, where the voltage across

the detector is proportional to the square of the electric field intensity (i.e.,

V = K E2 ). In this case the reflection coefficient r in terms of the voltage

across the detector is r= (Wp-- 1)/(,/±+ 1) where p is the standing wave

ratio with respect to the-detector voltage (i-eo, p = Vmax/Vmin) O

If the reflection coefficient is relatively large (r> 0.75), then the

accuracy of the measurement is better if it is determined from the measured

variation of the standing wave in the immediate vicinity of either a maximum or

a minimum rather than from the standing wave ratio. Such measurements are well

known if the load being investigated is stationary. However, these methods are

not applicable if the load is propagating along the waveguide, such as for ex-

ample a shock wave. In spite of this, methods can be formulated with the aid of

Equations (50) to measure large reflection coefficients of propagating loads.
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In the discussion that follows., it is assumed that ý is a constant and that r is

determined by measuring the electric field intensity as a function of z, However,

the procedure is the same in the case of constant z and variable 4, hence is

applicable to the case of shock waves.

Assume k power law detection and consider the microwave detector voltage

when the waveguide is terminated in a load with a reflection coefficient r

V = K 1E k KE. F-r) + 4r cos2 P z k (52)

L In the case of r < 1, the.maximum value of the detector voltage occurs at z = 0

k k
where V is equal to KE. (1 + I ) If this load is replaced by a perfect EM re-1 1.

flector, then in this case Iis unity and this same value of detector voltage

occurs not at z 0 but at the point z = z 0 Under this condition the re-0

flection coefficient of the unknown load is

r = 2 cos(Pz) - 1 (53)

where z is measured with the microwave short in the guide and is equal to the0

distance along the guide measured from the point of maximum V, such that the

detector voltage is equal to the maximum detector voltage when the waveguide is

terminated in the load being investigated.

An equally acceptable procedure, capable of measuring large r consists of

attenuating E. while the microwave short is in a position such that the maximum

value of V, in this case. is equal to the maximum value of V with the investi-

gated load terminating the waveguide and zero attenuation of E.. Under these

conditions, the reflection coefficient of the load being investigated is

rF= 2L - 1 (54)
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where a is the percent attenuation of the incident electric field required to

equalize the maximum detected voltage with the microwave short and the maximum

detected voltage with the unknown load but no attenuation of E..

A phase type measurement of r relative to a minimum value of detected vol-

tage rather than a maximum as discussed above could also be made (similar to

Equation (53)). In this case if the microwave detector was linear (i.e., k = 1),

then measurement relative to a standing wave minimum would be equally accurate

as those relative to a standing wave maximum such as Equations (53) and (54).

However, since the detection is nearly square law, the shape of standing wave

voltage is more highly dependent on rnear a maximum than it'is near a minimum.

Hence, measurements of large r relative to a maximum value of the standing wave)

in the waveguide are more accurate than similar measurements made relative to a

minimum.

The accuracy of the above described methods of measuring large r is highly

dependent on the magnitude of microwave power absorbed in the waveguide walls,

the accuracy by which the phase of the electric field standing wave can be

measured, and also on the accuracy of the calibrated attenuator used in con-

nection with Equation (54). If it is assumed that the phase can be determined

to within a value P A z•, where A z is equal to the diameter of the EM sampling

probe, then for the case of a 1 mm diameter probe and 8.5 Gc EM waves in x-band

waveguide, the standard deviation of the measured Fis approximately + 0.02. In

the attenuation method of measuring large I (i.e., Equation (54)), the value of

a can be determined with a calibrated attenuation to within + 0.15 db. Hence,

in this case the standard deviation of the measured value of ]Pis approximately

+ 1.5 °/oo Experimental results verified that the accuracy of these two methods

of measuring large r was comparable but it was also found that neither method

was reliable if rwas larger than about 0.97. At least part of the difficulty of

measuring values of rgreater than 0.97 is due to microwave losses in the wave-



guide walls and in the associated microwave apparatus. Hence, in the microwave

system used in this work, if the reflection coefficient of the load being in-

vestigated was greater than about 0.97, then the accuracy of the measured value

of r was limited by loss of microwave power in the waveguide walls rather than

the accuracy of the measured values of CL and z°+

Experimental determination of the reflection coefficients of shock waves

were made with the microwave apparatus illustrated in Figure 27. With the wave-

guide switch set so that the expansion chamber was connected to signal source S
tV

the slotted line detected voltage was displayed on an oscilloscope ,,hile the

shock wave propagated through the expansion chamber. Two typical recordings of

the displayed waveform are shown in Figure 30. In each case the oscilloscope

trace was started simultaneous with the initiation of the shock wave producing

electric discharge and the oscilloscope was swept at a 50 J1 second per division

rate. -Figure 30a was obtained under the same experimental conditions as the

noise radiation waveform illustrated in Figure 23a (i.e., neon gas, 2 mm Hg

pressure, 12 k volt discharge). The slotted line detected signal illustrated in

Figure 30b was obtained with a 14k volt shock producing electric discharge in

argon gas at 2 mm Hg pressure.

In each of these oscilloscope recordings, the straight line on the scope

trace located approximately one division up from the bottom of the screen repre-

sents the value of the voltage across the slotted line crystal detector when the

sliding short was set to totally reflect the incident EM wave and also with the

probe set at a standing wave maximum (the voltage across the crystal detector

is negative), The upper trace represents -the time variations in the magnitude

of the slotted line detected EM field during a shock wave traversal of the ex-

pansion chamber. The vertical deflection of the oscilloscope was set so that

only the peak values of the detected voltage were displayed on the screen. The

microwave probe and associated crystal detector was calibrated with the sliding
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Figure 30. (a) Illustrates the time variation of the amplitude of the EM
signal detected in the slotted line illustrated in Figure 27

during the passage of a shock wave through the expansion chamber.
(b) Same as above except in argon gas. (c) Experimentally ob-

tained voltage reflection coefficient Ir as a function of scope 'de-

fle;ction from the peak of the detected EM wave to the base line.



short and the attenuator Q so that the reflection coefficient of the shock wave

at any specific time could be obtained according to either Equation (53) or (54)

simply by measuring the difference in voltage between the peak value with the

shock wave and the maximum value with the short. The calibration curve for r in

terms of oscilloscope deflection between the peak value and the maximum value

with the microwave short is shown in Figure 30c.

The oscilloscope recordings shown in Figure 30 can also be used to approxi-

mate the shock wave velocity in accordance with Equation (29) concerning Doppler

frequency shift. HoweverY as discussed in Chapter 8, these velocity measurements

cannot be relied on at early times after the shock producing electric discharge.

Consider the oscilloscope recording illustrated in Figure 30b. At 50 Ht

seconds after the start of the scope trace the shock wave velocity is approxi-

mately Mach 12 and the EM reflection coefficient is approximately equal to 0.935.

The reflection coefficient r rapidly decreases as the shock velocity falls below

its maximuimvalueo At 250 [. seconds the shock velocity has fallen to Mach 3.5

and r is approximately 0.8. Within the time interval between these two extreme

values of r, a rather rapid time rate of change of r is noted at approximately

100 L seconds after the beginning of the scope trace. This is significant be-

cause this is also the time at which the shock wave velocity fell below the value

required to shock ionize the background gas (ioe., Mach 8). Of course for shock

wave velocities less than about Mach 8 the measured reflection coefficient is

relative to the ionized driver gas rather than the shocked gas.

The time variation of Ffor the case of neon gas (Figure 30a) is similar

to that for argon although at any specific Mach number, IF is slightly lower for

neon than it is for argon° In addition, in the case of neon gas. at 2 mm Hg

pressure the reflection coefficient exhibits an increase as the shock velocity

falls below about Mach 2. The fact that at any specific Mach number, IFis not

-the same in neon as it is in argon indicates that the profiles of electron den-
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sity and/or the electron-atom/ion collision frequency for momentum transfer in

front of, in, and behind the shock wave are different in the two cases. The in-

crease in r at very low shock velocities is probably due to a rapid change in

electron-atom/ion collision frequency for momentum transfer in the plasma medium

at these low shock wave velocities. ThatAs, consider an EM..wave incident on

the partially ionized shocked and/or driver gas. The power lost by the incident

EM wave in the plasma medium is given by the numerator of Equation (43). This

loss can be placed in the more convenient form given by

fw, 2E

p 2 0 ° E2 dv (55)

where the integration is carried out over the entire volume of the plasma, P a
a

is the power absorbed in the plasma medium, and v is the electron collision fre-

quency for momentum transfer with neutral atoms and ions. The electric field

intensity E in the plasma is dependent on the electron density (w ) profile,

and collision frequency v profile and is determined by solving the appropriate

boundary value problem. Calculations of this type have been made by several

auhr sefr xml era51 52
authors (see for example Herrman 5or Albini et al. ) for various electron

density gradients and various collision frequencies. In general, algebraic

solutions for E cannot be obtained but numerical solutions are possible for a

limited number of electron density profiles. However, as is usually the case in

numerical analysis a portion of the physics of the phenomenon is lost in the

calculator, hence has: a limited usefulness. A short qualitative discussion

of the phenomena of absorption of an EM wave incident on a plasma medium is

discussed below.

Consider a partially ionized volume of neon gas in which the electron den-

sity is given by n and the pressure of the neutral atoms is 2 mm Hg. In thise
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case the electron-molecule and the electron-ion collision frequencies for momen-

tur transfer as a function of electron temperature is illustrated in Figure 31.

The effective collision frequency for momentum transfer v, as used in Equation

(55), is equal to the sum of the electron collisions frequencies with molecules

and ions designated respectively by v emand v (i~e., v = V + V . At high

values of electron temperature v « << v and. v is predominantly electron-moleculeel em

collisions. As the electron temperature is decreased, v increases and v de-
ei em

creases as does v until v . = v after which v increases with further decrease

of electron temperature. Here the minimum value of v occurs when v = V . = V/ 2 .em ci

The electron temperature at which v attains its minimum value, and the magnitude

of v at this value of electron temperature is dependent on the electron number

density.

Consider an electrically driven shock wave in neon gas at 2 mm Hg pressure

(in relation to Figures 28a and 30a). Assume that the electron density monitoni-

cally increases with distance behind the shock front from a value of w much less
p

than w immediately in front of the shock front to a value of W much greater than
p

w in the plasma driver gas. According to Equation (55), the power of an incident

EM wave of angular frequency w which is absorbed in any particular region of the

2 2
plasma is directly proportional to w 2 and is also directly proportional to Ep

According to our original assumption w increases monitonically with distanceP

behind the shock front. However the electric field intensity decreases monitoni-

cally with distance behind the shock front as a result of reflections and ab-

sorption in the volume and rapidly approaches zero beyond the plane in the plasma

column where w is equal to w. Hence• for any particular value of v the ab-
p

sorption is predominantly in the volume between the shock front and the plane

where w' is equal to w. If the frequency of the test wave is 8.5 Gc, then the
p

electron density in the volume of EM interaction in the plasma is less than

a32 3about 101 electrons per cmo
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In order to consider the absorption of the incident EM wave in more detail

it is convenient to follow a ray of the incident wave thcough the shock wave

and driver plasma. Attenuation by reflection of the interacting EM wave in the

leading edge of the monitonically increasing electron density plasma column is

Sexceedingly small if the plasma frequency w) is less than about 0.1 W. As the EM
P

wave propagates beyond the plane where w = 0.1 w its attenuation by reflection

increases rapidly. On the other hand, attenuation by absorption can be quite

large even though w << W, if the collision frequency is sufficiently large.p o

Divide the plasma column in which the interaction of the EM wave occurs,

into two volumes. Let AV 1 represent the volume of plasma between the shock

front and the plane where W p = 0.l w and let AV2 represent the volume between

the plane w = 0o.l w and the plane where the intensity -of incident wave has:at-P

tenuated toa negligibly small value0  The EM power absorbed in the plasma (P)
a

is equal to the sum of the power absorbed in the two volumes. Each of these two

volumes contribute heavily to the absorption, but the plasma in AV1 does not

contribute significantly to reflection 0  If the shock velocity is very high,

then the power absorbed P is small as is evidenced in Figure 30. This isa

obviously due to the fact that the volume of interaction AV1 + Vl2 is exceed-

ingly small. As the shock wave velocity decreases the volume of EM interaction

,V1 + AV2 increases and in spite of the fact that the collision frequency de-

creases, the power absorbed increases0  Of course, the magnitude of Pa at any

particular shock wave velocity is also dependent on the value of v throughout

the volume of EM interaction 0  The increase in P a with decreasing shock wave

velocity is evidenced in the first 250 jt seconds of Figure 30a and the first

350 • seconds of Figure 30b. The subsequent decrease in P at very low shocka

0 - wave velocities is most probably associated with a rapid decrease in absorption

in the volume AVl due to a rapid decrease in collision frequency0  That is, at

very low shock wave velocities the shock heating is exceedingly small and the

electron density in the volume AV is also much smaller than it is'at higher

~1
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shock wave velocities. Hence, the EM power absorbed in this volume decreases

rapidly as the shock wave velocity approaches small values. This is due to de-

creases in both ne and v. On the other hand, the absorption in the volume AV 2

will not change drastically during this same time. By definition the electron
!01 3

density in AV2 is greater than about 3 x 10 electrons per cm. From pre-

viously discussed results it is obvious that at low shock wave velocities the

volume AV 2 is entirely in the driver gas plasma. Hence, the value of the volume

AV 2 will not be highly dependent on the shock wave velocity and will increase

with time only very slowly. It is obvious that the electron temperature in this

volume will also be decreasing in time. From Figure 31 it is seen that a de-

crease in T could cause either an increase or a decrease in v, this dependinge i

on both ne and the temperature. It will be shown subsequently, that the measured

radiation temperature from the plasma indicated that the electron temperature at

these late time was usually in the range from 10000 to 20000 K. Assuming, an

average electron density in the volume of interaction AV 2 equal to 5 x l0ll

3
electrons per cm ; it is seen from Figure 31 that the collision frequency in

this range of electron temperatures and for the electron density cited is at its

lowest possible value and is less than the signal frequency. Hence, according

to Equation (55) the EM absorption in the volume AV 2 is also at its lowest value

during this time and P a in AV2 should not vary rapidly with time since Te does

not vary rapidly. Therefore, the total absorption P in the volume AV1 + AV2

should exhibit a decrease with time at very low shock wave velocities as is ex-

perimentally observed in Figures 30a and 30b.

The experimentally measured radiation temperature T as a function of shock

wave Mach number is given in Figure 32. The solid line represents the theoretical

temperature of the shocked gas as predicted by Equation (5d). The experimental

points were picked at random from a multitude of measured radiation temperature

for the case of shock waves in neon at 2 mm Hg and at discharge voltages in the
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range from 8 to 15 k volts. The experimental results were nonconclusive in some

respects, especially since the temperature could not be accurately measured at

shock velocities greater than about Mach 10o Also at velocities less than this

value the temperature is relative to the plasma driver gas rather than the shock-

ed gas. The radiation temperature could not be measured at shock velocities

greater than the velocity cited above because at higher velocities the EM ab-

sorption coefficient A could not be measured with sufficient accuracy. In addi-

tioh, as stated above the noise detector was saturated by the shock producing J
electric discharge and did not recover until about 50 [1 seconds after initiation

of the discharge. Hence, the apparent radiation temperature TA could not be

measured at early times after the initiation of the shock wave. Therefore under

the most favorable conditions in this experiment, the apparent radiation tempera-

ture TA of the shock wave could not be measured if the velocity of the shock

wave was greater than about Mach 12.

In spite of the obvious experimental difficulties, some information on the

properties of the plasma medium associated with an electrically driven shock

wave can be obtained from the experimental measurements of radiation temperatures.

On one hand, the experimental data indicates that the radiation temperature

of the shocked gas approaches the theoretical temperature of shocked gas as the

velocity of the shock wave approaches the threshold value for shock wave ioni-

zation. On the other hand, the radiation temperature at lower shock wave velo-

cities is considerably higher than the theoretically predicted value of the

temperature of the shocked gas. This indicates that either the shocked gas is

hotter than the temperature predicted by theory or the measured temperature is

relative to the driver gas which is at a considerably higher temperature than

the shocked gas. The latter of these two possibilities seems to be the most

probable.
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In addition to the above inferences, the experimental data indicated that

the noise power radiated from a high velocity shock wave (M > 12) in either neonfi.f

or argon at 2 mm Hg pressure was exceedingly small. This is significant for two

reasons. First of all it indicates the obvious conclusion that the noise power

in the microwave frequency range radiated from a high velocity shock wave through

the shock front is exceedingly small. It also indicates, in agreement with pre-

viously discussed experimental work, that the microwave reflection coefficient

approaches unity as the shock velocity increases beyond about Mach 10.

{
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10. CONCLUSION

In summary, the experimental results reported here show that the background

gas in the electrically driven shock tube used in this investigation, which in

many respects is similar to those used by other investigators, was preionized

to a non-negligible degree during the time of the shock wave producing electric

discharge. This has been attributed, in agreement with many other workers, to

photoionization of the background gas by photons of adequate energy from the

discharge chamber of the shock tube. In addition it was shown that this photo-

ionization process is consistent with ionization by soft X-rays from the electron

bombarded anode located in the discharge chamber. The free electron constituent

of the background gas which results from this preionization was found to have a

pronounced effect on the properties of the shock wave which subsequently passes

through it. The direct effect of this constituent on some commonly used shock

wave investigation techniques is also evident and must be considered when evalu-

ating experimental results. In light of this it is believed that the experi-

mental results obtained in some previous shock wave investigations might need

to be re-evaluated.

It was found that the delay time between the passage of the shock front

and the subsequent passage of the driver gas was exceedingly small especially

at relatively high shock wave velocities. This indicates the extremely short

time available to make measurements of the properties of the shocked gas in

electrically driven shock tubes. If the measurements of plasma properties are

completed in a time sufficiently longer than this delay time, then the measure-

ments will be relative to the driver plasma rather than the shock wave plasma.

The radiation temperature of the combined shock wave plasma and driver gas

plasma indicates that under some conditions the temperature of the driver gas

is higher than the temperature of the shock wave gas. If this is the case, then



it is obvious that the driver gas will heat the shock wave gas via heat conduction

and will consequently alter the properties of the shock wave gas and the struc-

ture of the shock wave. Obviously, this effect is significant only at low shock

wave velocities where the temperature of the shocked gas is lower than the tem-

perature of the driver gas and where the effective velocity of heat flow is

greater than or on -the order of the shock wave velocity.
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